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Chapter 1
General Introduction
Chapterl
In order to survive, an organism must adapt to the continuously changing 
environment. External stimuli are perceived by specialised cells, peripheral receptors 
or sensory cells, which translate the environmental information into intra- and/or 
intercellular signals. Basically all information about the environment is somehow 
processed by the brain eventually leading to a response (e.g. muscle movement) that 
enables the organism to survive. One of the main types of response most organisms 
possess is the neuroendocrine response. This response is regulated by the nervous 
system in collaboration with the endocrine system.
The nervous system
The nervous system consists of neurones and glial cells. Neurones are 
specialised in intercellular communication by direct cellular contact. The direct 
contacts are made via long cellular processes (axons) that terminate on the target cell 
via a synapse. Information is transported along the axon in the form of action 
potentials. When this depolarisation arrives at the synapse, release of neurotransmitters 
takes place. The transmitters subsequently bind to receptors in the postsynaptic 
membrane, which results in stimulation or inhibition of intracellular activity of the 
target cell. Glial cells are mainly functioning as supporting cells, though recently many 
neurone like properties have been attributed to them.
The endocrine system
The endocrine system is involved in the regulation of the organism’s internal 
environment, by acting on peripheral organs (Eckert and Randall, 1983). In vertebrates 
the pituitary gland is the main endocrine organ and it is structurally and functionally 
connected to the central nervous system. Via the pituitary the central nervous system 
regulates events like growth, reproduction, metabolism and adaptation. In most 
vertebrates the pituitary consists of three parts: 1) the pars nervosa (PN), where 
neurosecretory cells of the hypothalamus release their transmitters directly into the 
circulation, 2) the pars intermedia (PI) containing neuroendocrine melanotrope cells 
that are mainly controlled by direct innervation, and 3) the pars distalis which 
possesses corticotrope, gonadotrope, lactotrope, somatotrope, and thyrotrope 
endocrine cells. The cells of the pars distalis are regulated by hypothalamic factors 
released from the median eminence into the hypophyseal portal system.
A suitable organism to study the processes of adaptation to environmental 
changes via a neuroendocrine response is the South African clawed toad Xenopus 
laevis. This amphibian is able to adjust the colour of its skin to the light intensity of
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the surrounding environment. This background adaptation behaviour is regulated by a 
neuroendocrine reflex.
Background adaptation in Xenopus laevis
The colour of the skin of Xenopus laevis is mainly determined by the pigment 
melanin present in dermal melanophores. On a black background melanin is dispersed 
in the melanophores cytoplasm and the toad has a dark appearance. The dispersion of 
the pigment is stimulated by a-melanophore-stimulating hormone (a-MSH), a peptide 
that is derived from the prohormone proopiomelanocortin (POMC) and that is released 
from the melanotrope cells of the pituitary PI. On a white background the secretion of 
a-MSH is inhibited, which leads to the aggregation of the melanin granules. As a 
result the skin of the animal becomes pale (Waring, 1963; Bagnara and Hadley, 1973).
Regulation o f the melanotrope cells
The melanotrope cells are often referred to as being primarily under inhibitory 
regulation from the hypothalamus because there is a spontaneous release of POMC 
peptides in intermediate lobes dissociated from the brain. However, superfusion 
experiments with intact neurointermediate lobes as well as with single melanotrope 
cells from the Xenopus PI have shown that there are multiple regulatory factors 
(neurotransmitters) that either stimulate or inhibit the release of peptides from the 
melanotrope cells. The stimulatory factors are corticotropin-releasing hormone (CRH), 
the amphibian CRH homologue sauvagine, thyrotropin-releasing hormone (TRH) and 
acetylcholine (ACh), whereas dopamine (DA), g-aminobutyric acid (GABA), 
neuropeptide Y (NPY) and noradrenaline (NA) have inhibitory actions (Jenks et al, 
1993; Roubos, 1997).
Of these regulatory factors ACh is the only factor originating inside the PI. It 
has been shown that the melanotrope cells themselves synthesise and release ACh. 
Thus, ACh works in an autocrine/paracrine way to activate a-MSH release (Van 
Strien et al., 1997).
CRH and TRH have so far not been demonstrated to occur within the PI. 
However, they have been shown in the PN and median eminence and are thought to 
reach the melanotrope cells from the PN via the hypothalamic portal system (Iturriza, 
1969; Weatherhead, 1983) or via diffusion (Jenks et al., 1993; Roubos, 1997). The 
CRH and TRH released from the median eminence and the PN is probably originating 
from CRH and TRH neurones in the magnocellular nucleus (Mg), since tracing 
experiments have revealed labelled neurones in the Mg after filling the PN with the
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retrograde tracer Dil (Tuinhof et al., 1994a). So far there are no data about the 
distribution of sauvagine in the Xenopus brain.
The inhibitory factors DA, GABA and NPY were found to coexist in the 
majority of the nerve terminals that are present in the Xenopus PI. GABA occurs in 
electron-lucent vesicles at the synaptic junction, whereas DA and NPY coexist in 
electron-dense granules (De Rijk et al., 1990; 1992). Retrograde neuronal tract tracing 
experiments have shown that the PI is innervated by neurones which originate in two 
different brain centres. Most labelled cell bodies are present in the suprachiasmatic 
nucleus (SC), whereas a moderate number of labelled cell bodies were observed in the 
locus coeruleus (LC) (Tuinhof et al., 1994a). Immunocytochemical studies have 
indicated that the LC contains NA neurones (González and Smeets, 1993; Tuinhof et 
al., 1994a) and that the SC contains DA- (González et al., 1993, 1994; Tuinhof et al., 
1993a), GABA- (Barale et al., 1996) and also NPY- (Lázár et al., 1993; Tuinhof et al., 
1993b, 1994b) producing neurones. Furthermore, quantitative immunocyto-chemistry 
and mRNA in situ hybridisation has revealed differences in the expression of NPY and 
its mRNA. Black-adapted toads lack NPY expression, but white-adapted animals show 
strong NPY-immunoreactivity as well as NPY mRNA expression (Tuinhof et 
al.,1993b). This indicates that neurones in the SC are involved in the inhibition of a- 
MSH release from the melanotrope cells. The finding that the SC contains neurones 
that coexpress DA and NPY has strengthened this idea (Tuinhof et al., 1994c).
Innervation o f the pars intermedia ofother vertebrates
Most studies on the innervation of the pituitary pars intermedia have been 
performed in mammals and amphibians (see table 1). A general feature of the 
vertebrate pituitary PI is the presence of an abundant DA-containing fibre network. 
This network was first identified in rat by Bjorklund (1968) using the formaldehyde- 
induced catecholamine histofluorescence technique. Since then immunocytochemical 
studies, using antisera against tyrosine hydroxylase (TH), have confirmed the presence 
of DA nerve fibres inside the PI. Serotonin (5-hydroxytryptamine: 5-HT) is the second 
extensively studied neurotransmitter that is present in the PI of most amphibians and 
mammals. However, in Xenopus, there have been no reports of the presence of 5-HT 
in the PI. GABA has been demonstrated both in amphibians and mammals. NA has so 
far only been described in the PI of Xenopus laevis, but has also been shown to have
12
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Table 1. Innervation of the pituitary pars intermedia in amphibians and mammals
Transm itter A m phibians M ammals
DA Xenopus laevis 
Rana ridibunda
Rana temporaria 
Pleurodelis waltlii
Van Strien et al, 1991 González 
et al., 1993, Tuinhof et al., 1993a 
González and Smeets, 1991; 
González et al, 1994; Battaglia 
et al., 1995
Prasada Rao and Hartwig, 1974; 
Prasada Rao et al, 1982 
González and Smeets, 1991
Björklund, 1968; 
Holzbauer and Racke, 
1985; Vuillez et al, 
1987; Bäck et al., 1987; 
Saland et al., 1993
5-HT Rana catesbeiana 
Rana ridibunda 
Trituris alpestris
Ueda et al, 1984 
Lamacz et al, 1989 
Corio et al., 1992
Steinbusch and Nieuw- 
enhuys, 1981; Westlund 
and Childs, 1982; 
Leranth et al, 1983; 
Mezey et al., 1984; 
Payette et al., 1985; 
Palkovits et al., 1986; 
Saland et al, 1987, 
1993; Carvajal et al., 
1991
GABA Xenopus laevis
Rana ridibunda 
Rana esculenta, 
Triturus cristatus 
carniflex
Verburg van Kemenade et al, 
1986c; De Rijk et al., 1990; 
Barale et al, 1996 
Tonon et al., 1992 
Franzoni and Morino, 1989
Vincent et al., 1982; 
Oertel et al, 1982; 
Tappaz et al, 1983, 
1986; Vuillez et al, 
1987
NA Xenopus laevis González and Smeets, 1993; 
Tuinhof et al., 1994a
-
NPY Xenopus laevis 
Rana ridibunda 
Rana esculenta
Lázár et al., 1993; Tuinhof et al., 
1994b
Danger et al, 1985; Battaglia et 
al, 1995
Lázár et al., 1993; D ’Aniello et 
al, 1996
Sauvagine Rana catesbeiana Gonzalez and Lederis, 1988 -
TRH Rana ridibunda 
Rana catesbeiana
Mimnagh et al, 1987; Lamacz et 
al, 1989
Seki et al., 1983; Taniguchi et 
al, 1990
Mesotocin Rana ridibunda Lamacz et al, 1989
inhibitory effects on the melanotrope cells of the Rana pituitary (Lamacz et al., 1995). 
There is probably no NA innervation of the PI in mammals. The main difference 
between amphibians and mammals is the absence of NPY from themammalian PI,
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whereas in amphibians the PI is highly innervated by an NPY-immunoreactive fibre 
network. In addition to the above mentioned neurotransmitters, in a few studies the 
presence of TRH, mesotocin and sauvagine has been demonstrated in the pars 
intermedia of some amphibians (Mimnagh et al., 1987; Gonzalez and Lederis, 1988; 
Lamacz et al., 1989; Taniguchi et al., 1990). These transmitters are thought to 
originate in the Mg. In Xenopus they have not been identified in the PI; TRH and 
sauvagine both have a stimulatory action on a-MSH release from the melanotrope cell 
but are thought to act as neurohormones rather than as neurotransmitter (Jenks et al., 
1993, Roubos, 1997).
Table 2. Coexistence o f transmitters in nerve fibres in the pituitary pars intermedia o f amphibians
and mammals.
Transm itter A m phibians
1
Mammals
DA/GAB A/NPY Xenopus laevis 
Rana ridibunda
De Rijk et al, 1992 
Tonon et al, 1992
-
GABA/NPY Xenopus laevis De Rijk et al, 1990 -
NPY/DA Rana ridibunda Battaglia et al., 1995 -
GABA/ DA - Vuillez et al, 1987
5-HT/DA - Saland et al, 1993, 1988; 
Vanhatalo et al, 1995
TRH/ mesotocin Rana ridibunda Lamacz et al, 1989 -
The various neurotransmitters described above, do not all occur in separate 
fibre networks (see table 2). In Xenopus laevis (De Rijk et al., 1992) and Rana 
ridibunda (Tonon et al., 1992) DA, GABA and NPY coexist in a fibre network in the 
pars intermedia. However, unlike in Xenopus, in Rana there also exists an exclusively 
NPY-immunoreactive fibre network (Tonon et al., 1992). Whereas the coexisting 
factors DA, GABA and NPY are thought to originate in the SC, the pure NPY-IR 
network in Rana probably originates in the ventral hypothalamic nucleus (VH) (Tonon 
et al., 1992). Besides the VH and SC, neurones in the anterior preoptic area and (like 
in Xenopus) the LC are also thought to innervate the PI in Rana with a DA and a NA 
projection respectively. Mammals lack coexistence of DA, GABA and NPY, because 
there is no NPY innervation at all. However, coexistence of DA and GABA has been 
demonstrated in the rat PI (Vuillez et al., 1987). In addition, DA and 5-HT partly 
coexist in nerve fibres in the PI of the rat. In amphibians no studies on the coexistence 
of DA and 5-HT have been carried out. The DA and probably also the GABA/DA-
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containing fibres in the rat PI are mainly derived from the DA cell group in the 
hypothalamic periventricular nucleus. Some dopaminergic neurones originate in the 
arcuate (VH in Xenopus) and dorsomedial nuclei. The serotonergic network is thought 
to originate in the raphe nuclei (Shannon and Moore, 1987, Mezey et al., 1984).
Development o f the hypothalamo-pituitary system
Xenopus laevis is also very suitable to study the development of the 
hypothalamo-hypophyseal system. Because the eggs are laid external to the animal, 
they are accessible at any stage during development. Furthermore, using gonadotropins 
the egg-laying can be induced any time of year and eggs can be fertilised in vitro, 
enabling to exactly control the time course of development. The eggs are relatively 
large and are therefore easy to manipulate using microdissection tools. For instance, 
individual cells, or larger pieces of tissue can be manually transplanted (Heasman et 
al., 1984; Eagleson et al., 1986), cultured (Godsave and Slack, 1991), labelled 
(Eagleson and Harris, 1989; Eagleson et al., 1995) or extirpated (Huang and Moody, 
1992). The development of Xenopus laevis is well described by Nieuwkoop and Faber 
(1967). The different stages of development are numbered from stage 1 (the fertilised 
egg) to stage 65 (the metamorphosed toad).
The first developmental stage at which something is known about the 
development of the hypothalamus-pituitary system is stage 5, the 16-cell blastomere 
stage. Experiments by Huang and Moody (1992) have shown that at this stage one 
particular cell (the D1.1 cell) has the highest probability to form hypothalamic 
dopaminergic neurones. This merely has to do with the position the descendants of this 
cell have after the proliferation and migration events, since extirpation of this cell is 
fully reversible and still results in a completely normal Xenopus toad. Irreversible, 
determinative events start prior to the neural plate stage, and involve the expression of 
genes (e.g. coding for homeobox-containing transcription factors and proteins) in 
vegetal-animal and ventral/dorsal gradients (Grunz, 1997). At the neural plate stage 
the main brain areas are already determined, and Eagleson and Harris (1989) were able 
to make a fate map of the neural plate using fluorescent labels as vital markers. 
Ventral brain areas like the hypothalamus arise from the mid-line regions of the 
anterior neural plate, whereas dorsal brain areas arise from lateral neural plate regions. 
Thus after neural tube closure, medial regions become ventral brain areas and lateral 
neural plate regions become dorsal brain areas. However, the adenopituitary 
primordium arises from the anterior neural ridge. After neural tube closure, the 
adenopituitary primordium migrates from its original anterior position first ventrally
15
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and then caudally towards its final position caudally to the diencephalic floor, at stage 
39/40 (Eagleson et al., 1986; Kawamura and Kikuyama, 1992). Surprisingly, some of 
the cells from the anterior neural ridge are incorporated in the preoptic region of the 
hypothalamus, the infundibulum and the pineal gland, and are ACTH immunoreactive 
like the corticotrope cells in the pituitary (Eagleson et al, 1986). During migration the 
cells of the adenopituitary primordium start to express POMC mRNA around stage 29 
(Hayes and Loh, 1990) and the first a-MSH-like immunoreactivity can be observed 
around stage 37 (Verburg van Kemenade et al., 1984). Between stage 37 and 39 the 
cells of the adenopituitary primordium are reorganised, which results in the 
morphological formation of the PI and pars distalis (Nyholm, 1977; Nyholm and 
Doerr-Schott, 1977). By stage 39/40 the hypothalamo-pituitary system becomes 
functional as DA- (González et al., 1994) and NPY- (Tuinhof et al., 1994b) containing 
fibres become apparent in the PI and the tadpole gains the ability to adapt to 
background light intensity.
A recent study by Moriya et al. (1996) revealed that during development the 
background adaptation process is plastic in the sense that the preference for a dark or a 
light background can be modified. For instance, tadpoles kept on a white background 
early during development gain a preference for a white background at later stages.
Aim and outline o f the thesis
As discussed above, the pituitary pars intermedia neuroendocrine system of 
Xenopus laevis is one of the best studied neuroendocrine systems in vertebrates. There 
are many stimulatory and inhibitory factors identified and in the last ten years more 
insight has been gained in the central regulation of the melanotrope cell, in which not 
only hypothalamic (Mg and SC) but also extra-hypothalamic neurones (LC) play a 
role. However, our knowledge of central regulation of the melanotrope cell is far from 
complete. Therefore, the research described in this thesis aims to provide more insight 
in the central regulation of the melanotrope cell, by further investigating the brain 
centres that are thought to be involved in the regulation of the melanotrope cell and by 
identifying new brain structures involved in background adaptation.
A widely applied technique in studying the activity of brain centres is the use of 
immunocytochemistry against the protein c-Fos (Hoffman et al., 1993). c-Fos was first 
identified as an immediate early gene (Curran and Morgan, 1987). Together with c-jun 
it forms a heterodimer that activates transcription of a late response gene like the 
POMC gene, by binding to the DNA regulatory element, known as the AP-1 binding 
site (Curran and Franza, 1988). c-Fos can therefore be used as a marker for neuronal
16
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activity (Hoffman et al., 1993). However, so far this technique has not been used in 
amphibians. In chapter 2 the c-Fos technique was applied in Xenopus laevis. First, by 
giving a strong, acute osmotic stimulus, the applicability of the Fos technique was 
examined. Subsequently, c-Fos immunocytochemistry was carried out on brain and 
pituitary tissue of toads adapted to a white or a black background.
In chapter 3, using the fate map described by Eagleson and Harris (1989) the 
development of the SC and its role in background adaptation was further investigated. 
With microdissection tools the presumptive SC was fluorescently labelled and 
identified at the neural plate stage. Subsequently the presumptive SC was extirpated 
and at stage 45 the tadpoles were tested for their capacity of background adaptation 
behaviour and studied with whole brain TH immunocytochemistry.
In chapter 4 the SC was examined in more detail by investigating the exact 
location of the neurones that costore DA, NPY and GABA and innervate the PI. Using 
free floating immunocytochemistry and retrograde neuronal tract tracing from the PI, 
in combination with confocal laser scanning microscopy, the DA/GABA/NPY- 
containing neurones were identified in the ventrolateral part of the SC.
The research described in chapter 5 is based on a study by Eagleson et al. 
(1986), which showed that POMC producing cells in the hypothalamus, pineal gland 
and pituitary have a common origin, and therefore might be functionally related. In 
chapter 5 this functional relation was further investigated by studying the expression 
of POMC and POMC-derived peptides in the brain of Xenopus laevis using 
immunocytochemistry and mRNA in situ hybridisation. Indeed, the majority of the 
brain centres thought to be involved in background adaptation also expressed POMC 
and POMC-derived peptides.
Since in other vertebrates serotonin is one of the most abundant 
neurotransmitters present in an innervating network in the PI, in chapter 6 the 
potential role of serotonin in background adaptation was investigated. These studies 
included single cell superfusion, free floating immunocytochemistry, confocal laser 
scanning microscopy and neuronal tract tracing.
Finally in chapter 7 the results are summarised and their implications are 
discussed in view of the central control of background adaptation.
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Chapter 2
Abstract
The amphibian Xenopus laevis adjusts the colour of its skin to the degree of 
background illumination. The neuroendocrine mechanism responsible for this 
adaptation behaviour involves various brain centres that control the synthesis and 
release of a-melanophore-stimulating hormone (a-MSH) by the pituitary melanotrope 
cells. The aim of the present study was to investigate the possible use of Fos as a tool 
to determine the activity of known and novel components of this mechanism. For this 
purpose, a quantitative Fos-immunocytochemical method (ABC) was successfully 
introduced for Xenopus, and the degree of specificity of background illumination as a 
regulator of Fos expression was tested by comparing this stimulus with two other 
stimuli, viz. a strong stressor (saline immersion) and a mild stressor (‘handling’). 
Without stimulation basal Fos-like immunoreactivity (Fos-LI) was found in the 
telencephalon, the lateral pallium, the anterior, central and lateral thalamic nuclei, the 
suprachiasmatic nucleus, the ventral hypothalamic nucleus and the torus 
semicircularis. Handling had no effect on this basal pattern of Fos-LI. Saline 
immersion induced Fos-LI only in the magnocellular nucleus, the corticotrope cells 
and, less strongly, in the melanotrope cells. Melanotropes, and no other cells, 
expressed Fos-LI very strongly when Xenopus was transferred from a white to a black 
background. This Fos-LI expression continued to increase up to 7 days of stimulation. 
When such toads were returned to a white background it took the same time before 
Fos-LI expression significantly dropped.
It is concluded that the ABC-Fos immunocytochemistry can be successfully 
applied to assess the occurrence and degree of expression of Fos-LI in the Xenopus 
brain and pituitary gland. The prolonged expression of Fos-LI in the pars intermedia 
under black background stimulation and the presence of an AP-1 binding site on the 
Xenopus proopiomelanocortin gene suggest an important role for c-Fos and/or Fos- 
related antigens in the control of the biosynthesis and secretion of a-MSH by the 
Xenopus melanotrope cell.
20
Prolonged Fos expression
Introduction
In the last two decades, substantial insight has been obtained into the role of the 
pars intermedia of the pituitary gland of amphibians in the control of the process of 
skin colour adaptation to environmental light conditions (Weatherhead, 1983; Jenks et 
al., 1993; Tonon et al., 1993). In this process the endocrine melanotrope cells play a 
central role, as they release the a-melanophore-stimulating hormone (a-MSH), which 
promotes skin darkening when animals are placed on a black background (Waring, 
1963; Bagnara and Hadley; 1973). More recently, hypothalamic centres have been 
identified that control melanotrope cell secretory activity (biosynthesis and secretion 
of a-MSH). Neurones of the suprachiasmatic nucleus (SC) inhibit melanotrope cell 
activity whereas neurones in the magnocellular nucleus (Mg) stimulate this activity 
(Jenks et al., 1993; Tuinhof et al., 1993a,b, 1994a-c). Moreover, an inhibitory action is 
exerted by neurones in the brain stem (locus coeruleus area) (Tuinhof et al., 1994a; 
González et al., 1993). This raises the question as to the mechanisms that, in turn, 
control the activities of these neuronal centres during background adaptation. 
Obviously, the SC receives retinal input, suggesting that at least some inhibition of the 
melanotrope cells is elicited by direct optic control of the suprachiasmatic neurones 
(Tuinhof et al., 1994a), but nothing is known about the way(s) the activities of the 
hypothalamic and extrahypothalamic neurones are regulated.
The identification of the SC, Mg and brain stem neurones has been partly 
achieved by immunocytochemistry against the neurotransmitters known to be present 
in these neurones: dopamine (DA), g-aminobutyric acid (GAB A) and neuropeptide 
tyrosine (NPY) in the SC, corticotropin-releasing hormone (CRH) and thyrotropin- 
releasing hormone (TRH) in the Mg, and noradrenaline (NA) in the brain stem 
(Tuinhof et al., 1994a, b; González et al., 1993). Furthermore, the neurones have been 
located by injecting retrograde tracers into the pars intermedia that were taken up by 
the numerous axon terminals contacting the melanotropes (Tuinhof et al., 1994a). 
However, neither of these approaches can be used to identify putative brain centres 
that control the SC, Mg and brain stem neurones, as the neurotransmitters involved are 
unknown and the complexity of the brain does not permit selective injection of tracers 
into identified presynaptic cell bodies or axons. Therefore, another approach has to be 
taken. Obviously, the immunocytochemical detection of the c-Fos protein would seem 
to be a good approach in this respect, as it allows for the detection of changes in 
cellular activity (expression of the early gene c-Fos) in mammalian brain centres upon
21
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specific external stimulation (Sagar et al, 1988; Ceccateli et al, 1989; for review see 
Morgan and Curran, 1991; Hoffman et al., 1993). Moreover, this method provides 
information about the gene expression dynamics as a function of nature, strength and 
duration of the external stimulus. This is relevant, as it is supposed that not only light 
conditions but also other environmental stressors affect melanotrope cell activity 
(Waring, 1963; Terlou and Van Kooten, 1974), and furthermore, the inhibitory and 
stimulatory neurotransmitters produced by the SC, Mg and brain stem differ in the way 
(concentration, duration) they elicit their action. For instance, whereas DA and GABA 
have a fast and short lasting inhibitory action on melanotrope cell activity, the action 
of NPY starts slowly but is more sustained (Leenders et al., 1993; Dotman et al., 
1996).
As this is the first application of Fos immunocytochemistry to the amphibian 
brain, its usefulness to study the activity of individual brain centres and pituitary cells 
in Xenopus had to be tested first. For this purpose, a stressor was used that can be 
expected to have a pronounced effect on the activity of the Mg, which produces CRH 
(Olivereau et al., 1987; Tuinhof et al., 1993a), vasotocin and mesotocin (González and 
Smeets 1992), and on corticotrope pituitary cells, viz. immersing the freshwater toad 
into saline. This stimulus was compared with a mild stressor, viz. handling. Then, in 
another series of experiments, the possible effects of changing background light 
condition on the functioning of brain centres and melanotropes were investigated. Fos 
was demonstrated using an anti-c-Fos serum, and Fos-like immunoreactivity (Fos-LI) 
was quantified using computer-assisted image analysis.
Experimental procedures
Animals
Adult (aged eight months) specimens of Xenopus laevis, with a body weight of 
28-32 g, reared in our laboratory under standard conditions, were used. They were fed 
trout pellets (Trouvit; Trouw, Putten, The Netherlands) and kept in an isolated room, 
in water of 22°C under constant illumination, on a white background for at least two 
weeks prior to the experiments.
22
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Experiments
1. Basal Fos expression. Basal expression of Fos-LI in the brain and pituitary 
gland was studied in 6 Xenopus (adapted for 3 weeks to a white background) taken 
directly from the isolated chamber.
2. Saline immersion. To study the effect of saline stress, 3 animals, adapted to a 
white background for 3 weeks, were immersed into a 0.6 % NaCl solution in tap 
water, for 30 min and sacrificed 2 h later on the same background. They were 
compared to 3 control animals kept in normal tap water.
3. ‘Handling’. To distinguish between the effect of background change and a 
possible effect of ‘handling’, 3 animals adapted to a white background for 3 weeks 
were transferred manually to a white background, and compared to 3 others who were 
transferred from a white to a black background. All animals were sacrificed 6 h after 
transfer.
4. Adaptation to black background. Animals (n = 6) adapted to a white back­
ground for 3 weeks were transferred to a black background and sacrificed after 3, 6, 24 
and 168 h, respectively. Six animals on a white background served as controls (0 h).
5. Adaptation to white background. Animals (n = 6) adapted to a black 
background for 3 weeks were transferred to a white background and sacrificed after 6, 
24 and 168 h. Six animals on a black background served as controls (0 h).
Tissue preparation and fixation
Before sacrifice, animals were anaesthetised with 0.1% tricaine methane 
sulfonate (MS 222; Sandoz, Switzerland) for 10 min, and transcardially perfused with 
an ice-cold solution of 0.6% NaCl, for 2 min. Then, they were fixed by perfusing ice- 
cold 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4), for 25 min. 
During perfusion, toads were covered with ice. After perfusion, brains and pituitaries 
were dissected and postfixed in the fresh fixative for 3 h at 4°C. Subsequently, the 
material was immersed in 10% sucrose in the buffer for 24 h at 4°C.
Immunocytochemistry
Brains and pituitaries were cut at 20 mm thickness with a cryostat (Microm, 
Heidelberg, Germany), mounted on poly-L-lysine-coated slides (Sigma, St. Louis, 
MO, USA) and processed according to the avidin-biotin-peroxidase complex (ABC) 
technique (Hsu et al., 1981) to visualise Fos-LI. In short, sections were incubated with 
20% normal goat serum for 30 min at 20°C, and incubated with rabbit anti-c-Fos
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(1:7,000, sc-253; Santa Cruz Biotechnology, Santa Cruz, CA, USA) in a humid 
chamber, for 18 h at 4°C. Control sections were incubated with anti-c-Fos serum 
(diluted 1:7,000), which had been absorbed to a ten-fold of synthetic c-Fos peptide in 
weight (0.14 mg/ml), as described by the manufacturer (Santa Cruz Biotechnology). 
After several rinses in 0.01 M phosphate-buffered saline (pH 7.4) (PBS), sections were 
incubated in biotinylated goat/anti-rabbit IgG (1:250, Vector, Burlingame, CA, USA) 
for 1 h at 20°C. After rinsing in PBS, sections were incubated in ABC (1:100; 
Vectastain ABC kit, Vector) for 1 h at 20°C. The reaction product was visualised with 
0.04% 3,3’diaminobenzidine tetrahydrochloride (Sigma) and 0.015% H2O2 in PBS for 
15 min. The reaction was terminated by several rinses in PBS. Finally, sections were 
dehydrated in a graded series of ethanol, cleared in xylene, and mounted with Entellan 
(Merck, Darmstadt, Germany). Analysis was carried out with a Leica DM-RB/E 
microscope and micrographs were taken on Agfa APX-25 black and white film. The 
neuroanatomical nomenclature was adopted from Neary and Northcutt (1983).
Fig. 1. Fos-LI in Mg neurones o f a white- 
adapted Xenopus laevis. Neurones show 
different staining intensities and the 
staining is exclusively nuclear. Bar 
indicates 10 mm.
Quantitative image analysis
To determine relative differences in the amount of Fos-LI in the pars intermedia 
as a result of changing background light intensity (Experiments 4 and 5), sections were 
analysed with an automated image analysis system (VIDAS, Kontron, München, 
Germany). Each slide contained one section of each animal and each time point in an 
experiment. All sections were processed simultaneously. For each animal, three 
sections of the pituitary were analysed. In all further steps, a random sampling 
procedure was maintained. The mean optical density (OD) of the cell nuclei was 
always analysed in a central area of the pars intermedia. Expression of Fos-LI was
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measured in all cell nuclei. No distinction was made between melanotrope cells and 
the two other cell types present in the pars intermedia, folliculo-stellate cells and 
endothelial cells. The latter form, however, only represents a few percent of the total 
cell population. Data were analysed with one-way analysis of variance (Bliss, 1967) (a 
= 5%) followed by Duncan's multiple range (Steel and Torrie, 1960). The analysis was 
preceded by tests for the joint assessment of normality (Shapiro and Wilk, 1965) and 
the homogeneity of variance (Bartlett's test; see Bliss, 1967).
Results
General remarks on Fos immunocytochemistry
Our preliminary studies had shown that immunofluorescence and peroxidase 
anti-peroxidase techniques do not yield an appreciable amount of specific Fos-LI. 
However, in the present study, adequate staining resulted from using the ABC 
technique and all data presented below have been obtained with this procedure. In all 
experiments the anti-c-Fos serum gave a distinct nuclear staining, whereas cytoplasmic 
staining was never observed. Fos-LI was completely abolished by absorbing the serum 
with the synthetic c-Fos peptide. Cytoplasmic staining in ependymal cells and 
granular-like stained patches, occurring throughout the brain in axoplasm, could not be 
abolished by excluding the primary or secondary antisera from the procedure, 
indicating that these stainings were due to the presence of endogeneous biotin. Figure 
1 shows an example of Fos-LI in neurones of the Mg. As in other brain areas, some 
individual cell nuclei differ in staining intensity. In this study emphasis is laid on the 
occurrence of Fos-LI in the diencephalon and in the pituitary gland.
Experiment 1. Basal expression
In animals taken directly from the isolated chamber, Fos-LI expression was 
present throughout the brain. In the telencephalon c-Fos-positive neurones occurred 
mainly scattered, whereas in other areas positive neurones were located in clusters. 
The lateral pallium (fig. 2A), the anterior, central and lateral thalamic nucleus (fig. 
2B), the ventral hypothalamic nucleus (fig. 2E) showed moderate to high numbers of 
Fos-LI neurones. Moderate numbers of Fos-LI neurones were also found in the Mg 
(fig. 2C).
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Fig. 2. Basal expression o f Fos-LI in white-adapted toads. A lateral pallium (LP). B anterior thalamic 
nucleus (A). C magnocellular preoptic nucleus (Mg). D ventrolateral part (arrow) o f suprachiasmatic 
nucleus (SC). E ventral hypothalamic nucleus (VH). F torus semicircularis (TS). III, third ventricle. 
LV, lateral ventricle. Bar indicates 75 mm.
The SC contained a low number of Fos-LI neurones, situated in the ventrolateral part 
(fig. 2D). A fair number of positive neurones was encountered in the torus 
semicircularis (fig. 2F). In the other areas of the diencephalon only few positive,
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scattered cells were present, and in the pituitary gland, including the pars intermedia, 
no Fos-LI was observed.
Experiment 2. Saline immersion
Animals exposed to 0.6% NaCl showed a very specific, strong reaction: in the 
Mg (fig. 3A) and in the rostral part of the pituitary pars distalis (fig. 3B), cell nuclei 
were intensely stained, whereas in the pars intermedia Fos-LI was only moderately 
present, although with an intensity clearly above basal level (fig. 3B). No obvious 
effect of immersion into saline on any other brain or pituitary centre was noted.
Fig. 3. Fos-LI expression after an acute saline stimulus (Xenopus laevis immersed for 30 min into 
0.6% sodium chloride, and sacrificed after 2 h). A strong Fos-LI can be seen in the magnocellular 
preoptic nucleus (Mg). B strong Fos-LI is present in the corticotrope cells (arrows) o f the pars distalis 
(PD). The melanotrope cells in the pars intermedia (PI) only show moderate Fos-LI expression. ME, 
median eminence; POa, preoptic area anterior. Bar indicates 75 mm.
Experiment 3. ‘Handling’
When animals that had been transferred from a white to a white background 
(handling) were compared to animals that had remained untouched on a white 
background (controls) no difference in Fos-LI was found for any of the brain and 
pituitary centres studied. However, 6 h after transfer of toads to a black background a 
clearly increased Fos-LI was observed in the pars intermedia of the pituitary, whereas 
other brain and pituitary areas did not reveal a reaction to this change in background 
light condition (fig. 5A). This specific reaction of the pars intermedia was investigated 
in further detail in the experiments 4 and 5.
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Fig. 4. Fos-LI in the pars intermedia o f Xenopus laevis, A 0 and B 24 h after transfer from a white to 
a black background. PD, pars distalis; PI, pars intermedia; PN, pars nervosa. Bar indicates 50 ^m.
Experiment 4. Adaptation to black background
At 0 h, in animals adapted for 3 weeks to a white background, no Fos-LI was 
found in the pars intermedia (fig. 4A, 5B); the OD measured with quantitative image 
analysis was due to the absorption of light by unstained nuclei (control OD). 
Compared to these animals, the pars intermedia of Xenopus placed on a black 
background showed significantly higher intensities of anti-Fos staining. These 
increases were higher as the duration of stay on the black background was longer, the 
highest intensity being found after 168 h of black adaptation (fig. 4B). In all cases Fos- 
LI was homogeneously present in nuclei throughout the pars intermedia.
Experiment 5. Adaptation to white background
Transferring toads from a black to a white background had no significant effect 
on Fos-LI in the pars intermedia up to 24 h of adaptation. A significant decrease in 
immunoreactivity was observed 168 h after transfer (fig. 5C). No effect of white 
adaptation was found in any other pituitary or brain areas, the immunoreactivity being 
moderate to low similar to the basal expression levels found in white-adapted toads.
Discussion
Fos expression as an activity marker in Xenopus
The product of the immediate early gene c-fos has been identified as a gene 
transcription factor (Chiu et al., 1988; Morgan and Curran, 1991). With c-Jun, the c-
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Fos protein forms heterodimers that stimulate gene expression by binding to the AP-1 
binding site (for review see Sheng and Greenberg, 1990). In mammals, the detection 
of increased c-Fos expression by immunocytochemistry has become a useful tool to 
identify activated neurones (Sagar et al., 1988; Ceccateli et al., 1989; Morgan and 
Curran, 1991; Hoffman et al., 1993). The present immunocytochemical studies show 
that, for demonstrating Fos-like immunoreactivity in the Xenopus brain and pituitary, 
the ABC method is superior to immunofluorescence and peroxidase anti-peroxidase 
techniques (as carried out by us in unpublished preliminary studies). The ABC method 
reveals a marked signal in cell nuclei, with no apparent background and therefore this 
method has been used in all further experiments in this study.
Fig. 5. Determination o f Fos-LI at different 
conditions o f background adaptation. A Fos-LI 
in the pars intermedia o f 6 h white- and black- 
adapted Xenopus, compared to basal levels of 
Fos-LI in directly fixed white-adapted animals. 
B Fos-LI at different times after transfer from a 
white to a black background. C Fos-LI at 
different times after transfer from a black to a 
white background. White and black bars concern 
animals from white- and black- background. 
Fos-LI is expressed as the mean optical density 
(OD) o f cell nuclei. Bars without a common 
superscript differ significantly (p < 0.05).
As to the specificity of the method, the question arises whether only c-Fos or 
also other substances are detected. We have used a c-Fos antiserum raised against the 
mid portion (AA 128-152; KVEQLSPEEEEKRRIRRERNKMAAA) of the human c­
Fos protein. This portion shows strong homology with the Xenopus c-Fos sequence
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(Mohun et al., 1989; Kindy and Verma, 1990), with only 3 substitutions: AA 120-148; 
KMEQLSPEEEEKKRVRRERNKMAAA. In mammals the antiserum recognises, in 
addition to c-Fos, other members of the Fos family, viz. Fos-related antigen (FRA) 1, 
FRA2 and FosB. In Xenopus so far no FRAs have been identified, but the possibility 
that they are present and react with the antiserum can not be excluded. In fact, a series 
of proteins ranging in size from 39-45 kDa was detected in Xenopus using another c­
Fos antiserum, M2, and it has been suggested that FRA1 and FosB are among these 
proteins Kindy and Verma, 1990).
Basal Fos expression
In white-adapted toads Fos-LI is expressed in many areas throughout the brain. 
The brain nuclei showing moderate to high levels of Fos-LI could all be identified and 
many of them appear to be involved in the processing of continuously incoming 
sensory/motor signals. For instance, the lateral pallium is known to process olfactory 
input from the main olfactory bulb (Northcutt and Kicliter, 1980), the torus 
semicircularis is involved in the processing of auditory input (Nikundiwe and 
Nieuwenhuis, 1983) and the thalamic nuclei play a central role in the processing of 
nearly all afferent and efferent information in the brain. This relationship between 
basal Fos-LI and sensory/motor information processing also appears to occur in the rat 
brain (Herdegen et al., 1995). Our results indicate that, as in the rat, external stimuli 
may stimulate Fos-LI expression in the Xenopus brain.
Salt stress
To test the suitability of the c-Fos-ABC method to demonstrate responses of 
identified brain and pituitary centres to external stimulation, we used the potent 
stimulus of immersing toads into saline. Similar stimulation’s (hypertonic saline 
injection) were successfully applied before, to induce c-Fos expression in vasopressin 
and oxytocin neurones in rat (Hoffman et al., 1993). The present results show that 
saline stress is able indeed to induce strong Fos-LI in two centres, viz. in the Mg, 
known to contain, among other messengers, CRH (González and Smeets, 1993), 
vasotocin and mesotocin (González and Smeets, 1992), and in the rostral part of the 
pars distalis, where the corticotrope cells producing adrenocorticotropin hormone 
(ACTH) are situated. Obviously, this response has strong physiological relevance as 
the stress component of the stimulus is likely to increase CRH and ACTH production 
whereas an increase in blood salinity may activate the production of vasotocin and
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mesotocin. This induction of Fos-LI appeared already 2 h after stimulation, which 
resembles the situation in mammals, where c-Fos levels generally reach a maximum 2­
3 h after the start of application of the salt stressor (Sheng and Greenberg, 1990; 
Hoffman et al., 1993). Here, we report for the first time the induction of Fos-LI in the 
amphibian brain and pituitary gland by specific environmental stimulation.
Handling
It has been reported that handling affects Xenopus in that it increases its 
locomotory activity and stimulates pigment dispersion in the skin melanophores, 
making the animal darker (Burgers, 1956; Bagnara and Hadley, 1973). This 
observation suggests that handling stimulates the activity of various sensory and motor 
nuclei in the brain as well as the activity of the pars intermedia, producing a-MSH. 
However, in our experimental set-up no effect of handling (transfer from white to 
white background) on Fos-LI was found in the brain or in the pituitary. Therefore, we 
conclude that handling as carried out in our studies is not a significant stimulator of 
Fos-LI expression (in contrast to saline) and hence, is not responsible for the observed 
stimulation of Fos-LI in the pars intermedia of Xenopus transferred from a white to a 
black background.
Background adaptation
In the experiments 4 and 5, the effect of background light condition on the 
expression of Fos-LI was studied quantitatively, after various periods of adaptation. In 
a pilot study (R. Ubink, unpublished observation), some staining above control level 
was found in melanotrope cells 2 h after adaptation. However, this Fos-LI was weak 
compared to the staining intensity found in the present experiment after 24 h, which 
even continued to increase up to 168 h.
At first sight, the prolonged expression of c-Fos, up to 168 h, may seem 
surprising, as it has been shown in other studies that c-Fos in the brain is expressed 
only during the first few hours after stimulation (Sheng and Greenberg 1990; Hoffman 
et al., 1993). However, prolonged c-Fos expression has been described in some recent 
mammalian experiments, and appears to be related to events like stimulated neuronal 
plasticity and chronic secretory stimulation (for review see Pennypacker et al., 1995). 
The significance of prolonged expression is not clear but it may be that not only c-Fos 
but various other proteins of the c-Fos family (FRA) become expressed after each 
other and that, in this way, various (sets of) genes or one gene become (differentially)
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regulated. The idea that the Xenopus melanotrope cell expresses c-Fos as well as FRAs 
is supported by our observation that after placing animals back from a black to a white 
background it takes 7 days before the intensity of Fos-LI is significantly decreased: a 
similar period is needed before a decrease in the amount of FRA can be seen 
(Pennypacker et al., 1995).
The expression of NPY in the SC of Xenopus is stimulated under conditions of 
adaptation to a white background. This is part of the inhibitory mechanism by which 
the SC controls the biosynthesis and secretion of POMC and POMC-derived peptides 
(Tuinhof et al., 1993b). The fact that no differences were found in Fos-LI in the brain 
and especially in the Mg and SC, may indicate that c-Fos and/or FRAs are not 
involved in the background-dependent activation of the SC. However, the number of 
SC neurones involved in background adaptation is rather low (probably a few tens of 
cells (Tuinhof, 1995), making it difficult to identify them, especially when expression 
levels do not differ dramatically.
Targets for Fos
The question arises as to the molecular targets of c-Fos (and of FRAs) in the 
Xenopus melanotrope cell. The most feasible target is the proopiomelanocortin 
(POMC) gene, which is the most abundantly expressed gene in the melanotrope. The 
POMC gene has been cloned and sequenced, and is known to contain an AP-1 binding 
site to which Fos-Jun heterodimers can bind to act as a transcription factor (Martens et 
al., 1985; Therrien and Drouin, 1991; Deen et al., 1991). The patterns of increase and 
decrease in Fos-LI expression as a result of black and white background adaptation, 
respectively, fit very well with the pattern of POMC biosynthesis under these 
conditions (Jenks et al., 1993; Van Zoest et al., 1989): on a black background, POMC 
biosynthesis gradually increases during the first 3 days and then levels off; after 
replacement on a white background it takes at least 3 days before POMC biosynthesis 
has returned to basal level.
Besides the POMC gene, other genes that are co-expressed with POMC in the 
Xenopus melanotrope might be controlled by c-Fos and its family, such as the genes 
encoding 7B2, prohormone convertase PC1 and prohormone convertase PC2. 7B2 is a 
molecular chaperone that mediates correct protein assembly and folding by interacting 
with PC2, which together with PC1, is involved in the cleavage of POMC to POMC- 
end products, including a-MSH. Expression patterns of 7B2 and PC2 are similar to 
that of POMC (Ayoubi et al., 1991; Braks and Martens, 1994). It is not known if
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Xenopus 7B2, PC1 and PC2 contain an AP-1 binding site, as does PC1 in mice (Ftouhi 
et al., 1994).
Control o f Fos expression
As to the mechanism(s) that are responsible for the expression of c-Fos (and 
FRAs) in the Xenopus melanotrope, various neural messengers, known either to 
stimulate (CRH, TRH) or to inhibit (DA, NPY) POMC biosynthesis in the Xenopus 
melanotrope (Dotman et al., 1996; Leenders et al., 1993) are good candidates. Except 
for TRH, they all regulate cAMP production, which is relevant as in mammals 
overexpression of c-Fos results in activation of POMC gene transcription via a cyclic 
AMP/protein kinase-A dependent mechanism. Among these messengers, CRH is a 
likely c-Fos stimulator as it enhances c-fos gene expression in mammals (Boutillier et 
al., 1991) and increases FosB expression in the AtT-20 corticotrope cell line 
(Autelitano and Cohen, 1996). As to the inhibition of c-Fos expression, it is interesting 
to note that NPY has a long term inhibitory action on the biosynthesis of melanotrope 
POMC (Dotman et al., 1996). As NPY is a physiological regulator of melanotrope cell 
activity during adaptation on a white background, this long term inhibition exerted by 
NPY might well be related to the observed long-term decrease in Fos-LI expression on 
this background.
Conclusion
It can be concluded that the ABC-Fos immunocytochemistry can be applied 
successfully to identify Fos expression in the brain and pituitary gland of the 
amphibian Xenopus laevis. The prolonged expression of Fos-LI in the pars intermedia 
at a black background and the presence of an AP-1 binding site on the Xenopus POMC 
gene suggest an important role for c-Fos and/or FRAs in the control of POMC 
biosynthesis in the melanotrope cells of this animal.
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Abstract
Functional forebrain development is the result of a complex series of early 
developmental processes which include; cell division, cellular rearrangements, tissue- 
tissue interactions, cellular determinative and differentiation events, and axonogenesis. 
In these studies, Xenopus laevis embryos were examined for early forebrain neuronal 
determination, differentiation and axonogenesis with special emphasis on the 
hypothalamic area known to be involved in regulating pars intermedia function. Whole 
brain acetylcholine esterase (AChE) histochemistry was used to follow the early 
pattern of forebrain neuronal differentiation, and whole brain acetylated-tubulin 
immunocytochemistry was done to follow early forebrain axonogenesis. AChE 
histochemistry indicated that the source of the tract of the postoptic commissure 
(stpoc) was the first forebrain area to begin differentiation (stage 22). Whole brain 
immunocytochemistry for acetylated-tubulin indicated that the tpoc was also the first 
forebrain tract to develop (at stage 25/26). The main forebrain tracts have developed 
and become interconnected by stage 35/36. The forebrain undergoes a pronounced 
extension with much cellular mixing and rearrangement during stages 37/38 to 43/44. 
This results in bending and contortions in the already developed tracts. Whole brain 
immunocytochemistry for tyrosine hydroxylase and extirpation of the stage 14 
presumptive suprachiasmatic (SC) area indicated that the dopaminergic cells of the SC 
are determined by stage 14 and initially undergo differentiation between stages 37/38 
and 40. Tadpoles that had their stage 14 presumptive SC extirpated lacked TH-positive 
tracts to the pars intermedia, lacked most midline TH-positive forebrain cells, and also 
failed to background adapt to white background. Thus, the SC tracts to the pars 
intermedia that inhibit melanotrope secretion probably form during the extension 
stages of 37/38 and contact the pars intermedia by stage 40 when animals are first 
capable of background adaptation.
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Introduction
The forebrain in vertebrates is a complex structure with a myriad of precise 
interconnections between neurones and sets of neurones (nuclei). Comprehending the 
developmental steps and events that lead to the attainment of this complex yet 
functional circuitry is the basis of much recent research. Within the vertebrate 
forebrain much of the original cues or guiding terrain’s that set the stage for precise 
interconnections become obscured by later axons that follow the original (pioneer) 
tracts. After initial neurone differentiation early axons may navigate the original cues 
of the diencephalon terrain or pathfind along directional cues provided by the pioneer 
tracts. Most recent developmental studies of axonal pathfinding have focussed on the 
more approachable retinotectal pathway. As a model, this system has the disadvantage 
that it occurs relatively late in development, after many of the pathfinding cues have 
become established.
Previous studies examining forebrain development and axonogenesis used 
embryonic mice (Mastick and Easter, 1996) and zebrafish (Ross et al., 1992), but there 
have been few studies of patterns of forebrain development in amphibians. There have 
been no studies specifically examining the stage by stage development of a 
neuroendocrine system. Therefore, after gaining insight into early forebrain 
development, we also examined later developmental events that relate to establishment 
of the specific forebrain area modulating background adaptation. For this purpose, we 
used the fate map of Xenopus laevis (Eagleson and Harris, 1990) and examined when 
the regulatory centres of pars intermedia secretion differentiated and become 
functional. These studies utilised extirpation, transplantation and whole brain 
immunocytochemical techniques to follow the early development and eventual 
establishment of this forebrain system.
Recent advances in the use of lineage dye probes, forebrain-specific molecular 
markers, and immunocytochemical techniques have made the early events of forebrain 
development much more accessible to observation and experimentation. These modern 
techniques promise to reveal more information than the former techniques could. Our 
previous studies have examined neural plate forebrain fates and braintube 
morphogenesis in Xenopus laevis (Eagleson et al., 1995). With the present study we 
have extended these studies to later stages by examining the origin and axonogenesis 
of the first forebrain neurones within this organism. We also examined development of 
a single forebrain area up to the attainment of its physiological functional state. Since
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regulation of background adaptation is a relatively early system to become functional 
in Xenopus laevis, we focused a portion of this study on the development of the 
forebrain area(s) that regulate melanotrope cell secretion (Tuinhof et al., 1994). For 
the present study, we investigated initial forebrain axonal scaffolding in Xenopus to 
gain insight about the terrain the neuroendocrine system related to background 
adaptation might encounter during axonal navigation to the pars intermedia. It is 
known that inhibitory dopaminergic neurones from the suprachiasmatic nucleus (SC) 
make synaptic contact with the melanotrope cells and form an important component of 
this background adaptation system (Tuinhof et al., 1994). Axons from the 
suprachiasmatic area might establish connections with the pars intermedia via local 
forebrain cues (Harris, 1986) such as diencephalic contours or the extracellular matrix. 
An additional possibility for neuroendocrine axonal guidance could be preformed 
pathways, such as a bundle of previously grown axons or tracts (Kuwada, 1986). Thus, 
the objective of this study was to gain information on the early patterns of amphibian 
forebrain development and axonogenesis and also to specifically follow the 
establishment of the neuroendocrine system involved in background adaptation.
We used a number of developmental and anatomical markers for developing 
and differentiating neurones. The spatiotemporal expression of acetyl cholinesterase 
(AChE) activity and acetylated-tubulin immunoreactivity was used to follow 
differentiation and axonogenesis. Expression of AChE has been used as an indicator 
of development in several vertebrates (chick: Puelles et al., 1987; Xenopus: Moody 
and Stein, 1988; and zebrafish: Ross et al., 1992). Recently divided neurones migrate 
from the periventricular zone to the mantle layer where they begin to differentiate 
(Fujita, 1964), and transiently express AChE (Mizoguti and Miki, 1985). The early 
embryonic expression of AChE is not linked to neurotransmitter catabolism, but is 
probably important for the early morphogenesis and patterning of the nervous system, 
since an AChE mutant in Drosophila melanogaster exhibits abnormal neuronal 
development (Hall et al., 1980).
Whole brain immunocytochemistry for acetylated-tubulin was used to follow 
early forebrain axonogenesis. By using a monoclonal antibody, the sequence of 
appearance of the early axons within the forebrain areas could be assessed and 
observed (Hartenstein, 1993). Studies by Hartenstein (1993) examined only two stages 
of Xenopus development and emphasised hindbrain and spinal cord development. The 
intent of the present study was to examine early Xenopus forebrain development to a
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more complete extent and detail events of the development of a neuroendocrine 
system that attains functional maturity early in development.
Materials and Methods
Animals
Xenopus laevis embryos were staged according to Nieuwkoop and Faber 
(1967). Xenopus embryos were obtained by Pregnyl-induced (Organon, Oss, The 
Netherlands) breeding and kept at 16-18 o C throughout development. Embryos were 
manually dejellied using Dumont forceps (No. 5) and embryos of tailbud stage or later 
were anaesthetised in 1 mg/ml of tricaine methano sulfonate (Sigma) prior to 
experimental procedures. All experiments and operations were performed in 
compliance of OPRR with regard to the treatment of vertebrate animals.
Whole brain AChE histochemistry
To observe the three-dimensional distribution of AChE-positive cells, we 
reacted whole embryonic brains using the procedure described by Mesulam (1982). 
Embryos (n = 112) were fixed in 1% paraformaldehyde/ 1.25% gluderaldehyde and 
fixed brains were microdissected out on Sylgaard dishes in phosphate buffered saline 
(0.1 M. pH 7.4).
The fixed tissue was then rinsed in 2-3 washes of 0.1 M acetate buffer (pH 6.5) 
over three hours. Brains were incubated in a preincubation solution (0.1 M acetate 
buffer, pH 6.5 with 50 mM glycine and 10 mM cupric sulfate) for one hour. Brains 
then were incubated in an incubation solution (0.3 % acetylthiocholine with 0.006 % 
ethopropazine in preincubation solution) for 3 hours at room temperature. The tissue 
was then rinsed in 2-3 washes of 0.1 M acetate buffer (pH 6.5) over 2-3 hours and 
reacted with 3% potassium ferricyanide solution for 1 hour. The brains were rinsed 
overnight in 0.1 M acetate buffer (pH 6.5), dehydrated, and cleared in xylene.
Cells positive for AChE were counted and measured with a calibrated 
micrometer in whole-mounts viewed under a Wild microscope with a projector for 
camera lucidas. As one focused through the whole brain, labelled cells within specific 
regions were counted on both sides. Each side constituted a single sample, whereas 
midline structures (pineal and pituitary) were treated as a single sample.
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Whole brain antl-acetylated tubulin immunocytochemistry
To visualise developing neurones within the forebrain a monoclonal antibody 
against acetylated tubulin was used (Sigma). Embryos (n = 120) ranging between 
stages 20 to 42 (Nieuwkoop and Faber, 1967) were anaesthetised in MS 222 and fixed 
for two hours in fresh 4% paraformaldehyde in 0.1 M phosphate buffer (0.1 M, pH 
7.4). Brains were microdissected out on a Sylgaard dish containing 0.1 M phosphate 
buffer (pH, 7.4). The brains were post fixed in Dent’s Solution (20% DMS0/80% 
Methanol) 2-6 hours, then bleached in 10% hydrogen peroxide in Dent’s at room 
temperature. The tissue was then rehydrated to 0.1 M phosphate buffer saline (PBS; 
pH 7.4) and rinsed three times for 10 minutes in PBS with 0.3 % Triton-X and 0.2 % 
bovine serum albumin (PBT). Brains were later incubated 30 mins. in PBT with 5% 
goat serum and then incubated with primary (mouse) antibody diluted 1:50. After 
antibody incubations, brains were rinsed several times with PBT and subsequently 
incubated in the secondary antibody of goat or sheep antimouse at 1:500 dilution 
overnight at 4 oC. After several washes in PBT, the brains were reacted with DAB 
containing 0.03 % hydrogen peroxide. The reaction was stopped with PBS and the 
brains were dehydrated and cleared in benzyl benzoate/benzyl alcohol. Brains were 
photographed with a Leica DM RB/E microscope using AGFA APX 25 black and 
white film.
Extirpation and labelling studies
To ascertain the stage of determination of the presumptive suprachiasmatic 
area, extirpation experiments were performed. For this purpose, embryos of different 
stages (12/13, 14 and 15) were first wedged into a hole within agar plates (2% agar in 
10% Holtfreter’s solution). Using electrosharpened tungsten needles or minutien pins 
(Fine Tools, Inc.) the triangular area designated the suprachiasmatic area (area 7 on 
the fate map of Eagleson and Harris, 1990) was carefully microdissected out and 
discarded. The embryos were allowed to heal, and once they reached stage 37/38, they 
were put on a white background. Tadpoles (stages 40-45), that maintained an 
extremely darkened condition were considered incapable of background adaptation.
In order to label and follow the development of the presumptive 
suprachiasmatic area, this tissue was microdissected out and transferred with a 
Spemann pipet to Hoechst’s dye (2 mg/ml) for 2-4 minutes, then rinsed in Holfreter’s 
and re-inserted into its original orientation in the same embryo. These embryos were 
allowed to develop to stage 40-45, then anaesthetised in 0.03 % MS 222, and fixed in
40
4% paraformaldehyde in 0.1 phosphate buffer (pH 7.4). The brains were dissected out 
and observed under epifluorescence and photographed.
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Fig. 1. Photomicrographs showing whole brain acetylcholine esterase (AChE) staining o f stage 24, 
26, 28 and 30 Xenopus brains. A An AChE- stained stage 24 Xenopus brain. The first (AChE) stained 
neurones o f the brain are observed within the source o f the medial longitudinal fasiculus (smlf), the 
source o f the anterior commissure (sac) and the source o f the tract o f the postoptic commissure 
(stpoc). B A stage 26 whole brain. There are no additional forebrain neuronal clusters that stain 
positively for AChE. Staining in the forebrain is restricted to each side (sac & stpoc) o f the furrow of  
the optic stalk (os). C A stage 28 Xenopus whole brain stained for AChE. At this stage the midbrain 
area o f the source o f the mamillotegmental tract (smtt) has cells that stain positively with the AChE 
test. D A stage 30 whole brain stained for AChE. In this specimen most forebrain and midbrain 
neuronal clusters stained positively using the AChE test, and staining within the telencephalon was 
initially observed during this stage. Bar = 100 mm.
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Whole brain tyrosine hydroxylase immunocytochemistry
Whole brains from stage 40 to 44 tadpoles were dissected out from normal, 
unoperated animals that were adapted to white background. In addition, whole brains 
were dissected from stage 43/44 tadpoles that had the suprachiasmatic region 
extirpated at stage 14 and that failed to background adapt. Whole brain tyrosine 
immunocytochemistry was performed in the same manner as whole brain anti- 
acetylated tubulin immunocytochemistry with the exception that the primary antibody 
used was mouse anti-tyrosine hydroxylase (Incstar, USA).
Results
The spatial pattern of AChE expression provided a temporal and spatial stage- 
by-stage sequence of neurone differentiation within the forebrain and midbrain of 
Xenopus laevis (fig. 1). The initial AChE-positive cells were not randomly dispersed 
within the forebrain and the pattern of early AChE expression was sequentially 
stereotypical and reproducible. Cells positive for AChE initially appeared as discrete 
clusters with unlabelled cell gaps between cell groups. With further development to 
stage 29/30, more AChE-positive cells were added to previous clusters and new 
clusters appeared (fig. 1; table 1). By stage 30, the extensive number of AChE-positive 
cells tended to make the individual clusters less distinct .
Table 1. AChE histochemistry o f embryonic Xenopus brains (n = 6), number
o f stainedcells/ area (X ± SEM)
Stage 22 25 26 28
stpoc 2.5 ±1.26 5.3 ± 0.93 9.0 ± 1.73 10.3 ± 1.00
drc 3.2 ± 0.70 7.0 ± 0.89 15.5 ± 1.73 25.5 ± 1.84
smtt 5.2 ±1.15 7.8 ± 1.48 13.3 ± 1.67 14.3 ± 1.29
nmlf 7.0 ±1.00 15.3 ± 1.22 13.2 ± 1.08 15.7 ± 0.98
The pineal and pituitary (or pars intermedia) first exhibit AChE activity at
stage 29/30 (see abbreviations for denoted brain areas), nmlf denotes
nucleus in the anterior ventral midbrain.
Use of the antibody to acetylated-tubulin to label axons allowed us to follow the 
outgrowth of the first (pioneer) axons and tracts within the developing forebrain and 
midbrain. The sequence of events is described stage by stage.
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Stage 20: Soon after neural tube closure, there is differentiation of the 
hindbrain cells that give rise to the ventral lateral tract (svlt, not shown).
Stage 22: Identified by their location, cells of origin of the anterior commissure
(sac), the tract of the postoptic commissure (stpoc), and the mamillotegmental tract 
(smtt) are initially AChE-positive at this stage. Cells of the sac and tpoc can be seen 
on either side of the furrow of the optic stalk (os) leading to the optic vesicle.
Stage 24: There is an increase in AChE-positive cells within the sac, stpoc, smtt 
and smlf (table 1). In addition, the stpoc area first exhibits acetylated-tubulin 
immunoreactivity just beneath the optic vesicle at the rostral end of the neural tube 
(pers. observ.). The ventral lateral tract extends from the smlf into the hindbrain.
Stage 26: There is further increase in number of AChE-positive cells within the 
stpoc, sac, smtt and sflm (table 1; fig. 1). At this stage the first tract (tpoc) of the 
forebrain becomes visible and extends almost to the midbrain flexure (and the smtt) 
(fig. 2A). Also at this stage the ventral lateral tract (ventral fasicle) extends 
continuously from the smlf caudally into the spinal cord.
Stage 28.: The AChE-positive cells within separate groups or cell clusters 
increased substantially. Differentiating neurones appear to merge into continuous 
clusters (fig. 1C). The tpoc also merges with the mtt which extends a tract towards and 
becomes continuous with the vlt (fig. 2B, arrows). The chain of cells become 
interlinked by a continuous tract along the rostral end of the brain (fig. 2C). Slight 
acetylated-tubulin immunoreactivity near the pineal gland represents the beginnings of 
the dvdt (not shown).
Stage 30: The beginnings of the tac are observed (fig. 2C) and the tpoc, mtt and 
mlf are continuous as a dorsal then caudal tract. This seemingly continuous tract 
extends dorsally to the mesencephalic flexure, then, with the ventral lateral tract, 
continues caudally (fig. 2C). Dorsoventral tracts (in addition to the dvdt) begin to 
differentiate from the pineal gland, and the pineal gland, telencephalon and pituitary 
become AChE-positive (fig. 1D).
Stage 33/34: The dorsoventral tracts of the tpc (not shown), dvdt, and thc 
initiate tracts to their target areas. Tracts of the anterior commissure (tac) become 
more visible and the supraoptic tract (sot) forms a connection between the tac and the 
tpoc (fig. 2D).
Stage 35/36: The major tracts of the forebrain are established. The tectum (tec) 
increasingly stains for acetylated-tubulin, probably due to incoming optic tracts (2E).
Stage 37/38: The morphogenesis of the brain is near completion. The rostral 
hypothalamus extends posteriorly along the midline, and the pituitary (pit) becomes
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Fig. 2. Photomicrographs showing whole brain immunocytochemistry for acetylated-tubulin in 
Xenopus embryonic brains. All frames except G, are lateral views with anterior to the left and 
posterior to the right. A A stage 26 Xenopus brain stained for acetylated-tubulin. During this stage the 
tpoc has extended and reached the midbrain area and tracts o f the midbrain to the ventral longitudinal 
tract (vlt) are also established. The vlt and dlt (dorsal lateral tract) are already established and extend 
caudally down the hindbrain. By stage 28 (B), the tpoc axons extend to the level o f the 
mesencephalic tract o f the trigeminal nerve, and connections to the vlt become continuous all the way 
to the rostral hypothalamus (arrows). The dorsoventral diencephalic tract (dvdt) from the pineal area 
is initially detected at this stage. C A stage 30 Xenopus brain. At this stage, the tract o f the anterior 
commissure (tac) becomes evident, as do additional dorsoventral tracts from the pineal area. At stage 
33/34 (D), the dorsoventral tracts (tpc-tract o f the posterior commissure, dvdt, and thc- tract o f the 
habenular commissure) begin to interconnect with the more ventral tracts. Also, the supraoptic tract 
(sot) between the tac and tpoc becomes quite distinct during this stage. At stage 35/36 (E), all the 
major forebrain tract interconnections become established. Increased acetylated-tubulin staining 
intensity within the tectum (tec) indicates that optic tracts have reached this area. At stage 37/38 (F), 
the orientation o f the forebrain becomes more "adult-like". The position o f the tracts o f the anterior 
commissure (tac) relative to the rest o f the brain indicates that telencephalic areas occupy a more 
anteroventral position in stage 37/38 than in stage 35/36. In addition the rostral hypothalamus extends 
in a more ventrocaudal direction during this stage, and the pituitary (pit) occupies its adult position 
adjacent to the infundibulum. G A ventral view of a stage 40 Xenopus brain. The continued extension 
of the brain is revealed when this stage is compared to the previous stage 37/38 brain (F). The 
distance between the optic chiasma and the pituitary (pit) increased dramatically between these stages 
(37/38 to 40) indicating much anteroposterior elongation. Bar = 100 mm.
localised adjacent to the infundibulum (fig. 2F). The extension and enlargement of the 
rostral hypothalamus draw this rostral area downward to a more ventral location (fig. 
2F).
Stage 40: At this stage (fig. 2G; ventral view) the brain attains a more adult 
form. The telencephalic lobes are relatively larger, and four large telencephalic tracts 
appear within the anterior hypothalamus. Due to midline extension, the distance 
between poc and pit continues to increase (compare fig. 2F with 2G).
Table 2. Extirpation of presumptive chiasmatic ridge in Xenopus laevis: 
effects on melanophore index (MI) for tadpoles on white background.
(n) Stage o f operation Stage at end MI ± SEM (white background)
12 none 42.0 1.8 ± 0.12
12 12/13 42.0 2.0 ± 0.08
14 14 42.0 3.8 ± 0.30
12 16 42.0 3.6 ± 0.68
Extirpation and labelling studies
If the presumptive suprachiasmatic area of stage 14 embryos is extirpated (fig. 
3B), this results in a darkened stage 42 tadpole (fig. 3A; table 2) even if the tadpole is
45
Chapter 3
allowed to develop on a white background. Studies in which the presumptive 
suprachiasmatic area was dissected out, labelled and re-inserted into the same stage 14 
embryo revealed that this tissue was contiguous with the chiasmatic ridge of brain 
tissue at stage 33/34 (fig. 4A), but became dispersed into the suprachiasmatic area and 
TP by stage 40 (fig. 4B). Within stage 43/44 tadpoles, fluorescent cells were more 
dispersed and found within the preoptic area, suprachiasmatic area and the TP. In all 
cases the labelled tissue was predominately within the midline aspects of the rostral 
forebrain (fig. 4C).
B
Fig. 3. Effects of extirpation of the 
presumptive suprachiasmatic area upon 
background adaptation. The presumptive 
suprachiasmatic area was extirpated from a 
stage 14 embryo which was then allowed to 
heal. The embryo was subsequently placed 
on a white background and allowed to 
develop to stage 43/44. A Stage 43/44 
tadpoles with the presumptive stage 14 
suprachiasmatic area extirpated often 
maintained a high melanophore index (MI) 
despite being maintained on a white 
background. B The presumptive 
suprachiasmatic area consisted of a 
triangular region (darkened in the figure) in 
the anterior most aspect of the stage 14 
neural plate embryo (Eagleson and Harris, 
1990). This was the region extirpated 
during these studies.
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Fig. 4. Stago-by-stago mapping of the 
p r e s u m p t n  e  s u p r a c h  l a s ma t  ic a r e a  in 
A m o / m s L k i 7 s  b ra in s .  T h e  a r e a  ( t ig.  3 H ) 
w a s  m i c r o d i s s c c t c d  ou t .  p l a c e d  in a d ro p  
. -  m = m ' H o c c h s t  so l u t i on ,  a n d  t h en  r e ­
i n s e r t ed  into its o r i g ina l  o r i e n t a t i o n .  The 
b r a in  w a s  then  m i c r o d i s s e c t e d  ou t  and  
o b s e n e d  u n d e r  an e p i f l u o r e s c e n t  
microscope. All frames are ventral views 
of dissected brains with anterior to the 
left. A Photomicrograph of a stage 35 
brain. The fluorescence is contiguous 
within the chiasmatic ridge (chr) area at 
this stage. B Within stage 40 brains, the 
fluorescence is stretched along the medial 
plane, with some mixing and intercalation 
of unlabelled cells in the more anterior 
portions o f the forebrain. C Within stage 
43/44 brains, the fluorescence exhibits 
even more cellular mixing and 
intercalation o f unlabelled cells. PO 
denotes preoptic area and TP represents 
the nucleus o f the tuberculum posterior. 
Bar = 50 mm.
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Fig. 5. Whole brain tyrosine hydroxylase (TH) immunocytochemistry o f a normal stage 43/44 
Xenopus brain. A Ventral view o f a stage 43/44 Xenopus brain immunostained for TH. Anterior is up 
and posterior is down. Cells o f the tuberculum posterior (TP) react positively with anti-TH, and 
hypothalamo-pituitary tracts (arrows) from the suprachiasmatic nucleus (SC) also exhibit a positive 
reaction for TH. Pit denotes pituitary. Bar = 50 mm. B Lateral view o f a whole brain 
immunohistochemically stained for TH also reveals positively stained cells within the SC that have 
positively stained axons (arrows) that extend to the pars intermedia and intermingle with pars 
intermedia cells located adjacent to the pituitary (pit). TP represents the TH-immunoreactive cells of 
the tuberculum posterior (out o f focus). NPv denotes the nucleus o f the paraventricular organ, with 
the TH-immunoreactive accompanying neurones.
Whole brain tyrosine hydroxylase immunocytochemistry
Stage 43/44: Xenopus brains showed three major areas of TH-immunoreactivity 
within the rostral hypothalamus (fig. 5A, B): the anterior preoptic recess area (POa), 
the suprachiasmatic area (SC), and the TP (nucleus of the tuberculum posterior), and 
in accompanying cells of the nucleus of the paraventricular organ (NPv). In addition, 
immunoreactive tracts from the SC to the pars intermedia were detected in unoperated 
stage 43/44 whole brains (fig. 5B).
In darkened Xenopus tadpoles with their presumptive suprachiasmatic area 
removed at stage 14, there was a substantial decrease in TH-immunoreactive cells 
within the rostral hypothalamus compared to the number in unoperated Xenopus brains 
(table 3; fig. 6). This reduction in TH-immunoreactive cells was particularly evident 
along the midline of the rostral hypothalamus (table 3; fig. 6). In tadpoles with the 
prospective SC extirpated, the lateral aspects of the TP were not affected; yet, more 
medial portions were almost absent (fig. 6). There were no operated (SC-extirpated) 
Xenopus brains that contained an immunoreactive hypothalamo-pars intermedia tract 
(fig. 5), whereas all control stage 43/44 Xenopus brains contained this TH- 
immunoreactive tract (fig. 5). Stage 40 is the first stage in which TH-immunoreactive
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material is observed within the SC. Immunoreactive-TH is intermingled within the 
pars intermedia (fig. 7A). As shown by acetylated-tubulin staining, at this stage (40), 
there are a large number of anteroposterior and lateromedial tracts within the anterior 
and posterior hypothalamus (fig. 7B). Extirpation of the stage 14 presumptive SC 
drastically affects these anteroposterior tracts (especially those derived from the 
telencephalon) but lateromedial tracts of the hypothalamus and telencephalon do not 
seem to be affected by the operation (fig. 8). The main anteroposterior telencephlic- 
derived tracts through the anterior hypothalamus are disrupted by extirpation of the 
stage 14 presumptive suprachiasmatic area (fig. 8).
Table 3. Effects of extirpation of stage 14 presumptive chiasmatic 
ridge on the number of TH-immunoreactive cells
Group POa SC TP
Control 10.0 ± 1.00 25.0 ± 5.26 47.0 ± 4.08
Extirpated 0.0 ± 0.00 1.8 ± 0.50 21.5 ± 3.14
POa denotes TH-immunoreactive cells within the preoptic area; SC 
represents number of TH-immunoreactive cells within 
suprachiasmatic ridge area; TP denotes number of TH- 
immunoreactive cells within the nucleus of the tuberculum posterior.
Discussion
We have described the development and differentiation of the initial neurones 
and axon tracts in the forebrain of an amphibian, Xenopus laevis. These neurones 
initially appear in clusters whose neurones divide and accumulate in numbers after 
stage 22. During stages 26 through 37/38, these clusters form tracts that link the 
clusters together (fig. 2). Axonogenesis and tract formation within the Xenopus 
forebrain is quite stereotypic, with specific tracts and interconnections forming at 
particular stages of development. These major tract interconnections and their 
relationships to each neural cluster allowed us to observe and record developmental 
changes, despite distortions of the brain between stages 37/38 and 40 during the rostral 
and anterior forebrain morphogenesis (fig. 2; Eagleson et al., 1995).
The tract of the postoptic commissure (tpoc) first appeared during stage 26 and 
extended to the mesencephalic flexure (fig. 2A). At this stage, the rhombencephalic 
longitudinal tracts (vlt and dlt) are already established along the longitudinal axis of
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Fig. 6. A comparison of the TH-immunoreactivity of stage 43/44 Xenopus brains that are unoperated 
normals (A) and Xenopus tadpoles that cannot background adapt after removal of the presumptive 
suprachiasmatic area at stage 14. The deeper suprachiasmatic area is in focus in these ventral views. 
Anterior is towards the top of the photographs. A Within a normal stage 43/44 brain, numerous TH- 
immunopositive midline cells can be observed from the anterior preoptic area to the nucleus of the 
paraventricular organ (NPv) and (arrow tips) within the suprachiasmatic nucleus (SC). The 
unoperated brain also has a TH-positive hypothalamic tract that originates in the SC (out of focus; see 
fig. 5 or 7). B Within stage 43/44 brains with the presumptive suprachiasmatic region extirpated at 
stage 14, only a single TH-immunopositive cell (arrow tip) can be observed in the SC. These brains 
also lack an immunopositive hypothalamo-pituitary tract from the SC. There is an absence of TH- 
immunoreactive cells along the midline of this specimen, but lateral areas of the TP contain many 
TH-positive cells. TP denotes tuberculum posterior. Bar = 50 mm.
the hindbrain (fig. 2A). By stage 28, the tpoc axons curve parallel to the cephalic 
flexure (fig. 2B; arrows), occupy the same level as the mesencephalic tract of the 
trigeminal nerve, and course parallel to it. The tpoc then becomes a dorsal longitudinal 
tract from the rostral hypothalamus to the rhombencephalon (fig. 2B). This sequence 
of events differs from the zebrafish (Ross et al., 1992), where the longitudinal tracts 
(vlt and dlt) develop at approximately the same stage as the tpoc (18 h stage). In 
Xenopus, the developmental sequence of the tract is more closely related to that in 
mice (Mastick and Easter, 1996), where longitudinal tracts develop and become 
established before the tpoc reaches the midbrain.
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Fig. 7. Comparison of a stage 40 TH- 
stained brain with a stage 40 acteylated- 
tubulin stained brain. A A composite 
stage 40 whole brain stained with anti­
tyrosine hydroxylase. This composite was 
constructed from one brain but with the 
suprachiasmatic (SC) area and the 
pituitary both in focus. Arrow depicts 
TH-immunopositive tracts entering into 
the pars intermedia of the pituitary (pit). 
B A stage 40 brain immunostained for 
acetylated-tubulin. Large paired tracts 
(lateral and medial forebrain bundles) 
from the telencephalon pass the 
suprachiasmatic area (double arrows). ot 
= optic tracts; TP = tuberculum posterior. 
Bar = 100 mm.
The segmentation model of Shimamura et al., (1995) predicts that the 
longitudinal axis dividing the alar and basal plates is bent by the cephalic flexure and 
extends rostrally into the forebrain, ending at the base of the optic stalk (near the 
postoptic commissure). According to this model the tpoc is aligned along the border of 
the alar and basal plates and becomes distorted due to the cephalic flexure (Puelles et 
al, 1987). In Xenopus, this becomes particularly evident between stages 35 and 37/38 
when the forebrain undergoes anterior extension and morphogenesis (fig. 9). Axons of 
the tpoc curve parallel to the cephalic flexure, and this relationship remains consistent 
even when the ventral forebrain extends in an anteroposterior direction and thereby 
increasing the curvature of the already formed tpoc. This anterior extension distorts 
and bends tracts formed during earlier stages (fig. 9). These landmark axonal tracts 
continue to follow their boundary terrain’s even if the forebrain becomes distorted as a 
result of the morphogenetic events that occur during stage 37/38, and therefore allow 
one to trace changes in axes during morphogenesis. What appears as a bending tract 
may be a preformed tract maintaining its course along a segment border while the
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A
Fig. 8. Effects of SC extirpation on 
forebrain tract formation as revealed by 
acetylated-tubulin staining in Xenopus. A 
Normal stage 40 brain immunostained for 
acetylated-tubulin. Note the four major 
telencephalic tracts (arrow) that pass the 
suprachiasmatic area. B Stage 40 brain 
that had the suprachiasmatic area 
removed at stage 14. A number of small 
tracts (arrow) enter the anterior 
hypothalamic area, but the (4) major 
anteroposterior telencephalic tracts 
observed in A are missing in this 
experimental group. ot = optic tract; pit = 
pituitary. Bar = 100 mm.
brain becomes distorted during the forebrain extension that occur after stage 37/38 in 
morphogenesis (fig. 9).
Another aspect of this segmentation model is that portions of the forebrain that
are clearly non-telencephalin are considered part of the secondary prosencephalon
(Puelles, 1995; fig. 10). This model regards the hypothalamic-peduncular-preoptic
regions of the secondary prosencephalon as located immediately rostral to the anterior
parencephalon segment (prosomere), ventral to the telencephalon and dorsal to the
hypothalamic pouch (Puelles, 1995). Therefore, neurones derived from this segment
should have the same or a similar origin. It is during the stage of forebrain
morphogenesis (stage 37/38 and later) that most cellular mixing (Wetts and Fraser,
1989) and forebrain anterior extension (Keller et al., 1992) occurs. The present
studies, in which the presumptive suprachiasmatic area was labelled and reinserted in
its proper position (fig 4), indicate that rostral forebrain cells within the TP, POa, and
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Fig. 9. Camera lucida drawings of the 
morphogenetic changes of the Xenopus 
laevis forebrain immunostained for 
acetylated-tubulin during stages 33/34 (A), 
35/36 (B), and 37/38 (C). The tracts drawn 
include the tract of the posterior commissure 
(tpc), the tract of the postoptic commissure, 
and the supraoptic tract (sot). The outline of 
the anterior commissure (ac) is also 
delimited posteriorly by the tract of the 
anterior commissure. Other tracts are visible, 
but demonstrate the distortions that occur 
during the anterocaudal extensions (arrows) 
that occur between stages 35/36 and 37/38. 
These midline dorsal and ventral caudal 
extensions result in the telencephalon 
(outlined by the ac) assuming a more antero- 
ventral position. As a result of this 
extension, the tracts of the tpoc and tpc have 
a greater degree of bending. Bar = 100 mm.
SC included unlabelled cells intercalated between fluorescently labelled clusters. 
Previous to this stage (stage 35) fluorescently labelled cells were contiguous as a 
single block of labelled cells, thus indicating that much extension and cellular mixing 
occurs during these later stages (37/38 to 43/44). The discrete cluster of dopaminergic 
cells in the stage 40 hypothalamus probably gives rise to the major midline 
dopaminergic (DA-ergic) nuclei of the POa, SC, NPv and TP (Huang and Moody,
1992). The TH-immunocytochemical studies confirmed this inference. Extirpation of 
the stage 14 presumptive suprachiasmatic area resulted in the loss of the of Xenopus
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tadpoles' ability to background adapt (table 2), as well as the loss of nearly all the 
midline dopaminergic neurones of the SC (table 3; fig. 6). It can be concluded that this 
presumptive suprachiasmatic area gives rise to many if not most of the DA-ergic 
neurones along the midline of the Xenopus ventral forebrain, in particular, those 
midline suprachiasmatic cells involved in the inhibition of melanotrope secretion 
(Tuinhof et al., 1994). These DA-ergic cells are, therefore, derived from a single 
group of cells within the secondary prosencephalon. Since AChE tests indicated that 
these cells differentiate relatively late (after stage 29/30), it is most likely that even 
though they are derived from a single area and may be "determined" to a specific 
phenotype, they differentiate independently of each other. It was assumed that they 
were determined because of the absence of the TH-phenotype when specific stage 14 
presumptive SC area was extirpated.
Recent studies by Puelles et al. (1996) have indicated that there is a midline TP 
(referred to as the median tuberal nucleus; Puelles, 1996), as well as an intermediate 
(IT) and a caudal tuberal nucleus (CT in Puelles et al., 1996). The extirpation of the 
stage 14 presumptive suprachiasmatic nucleus resulted in the deletion of the midline 
and intermediate DA-erigic cells (fig. 8) but not the more caudal and lateral cells of 
the TP (fig. 8). According to Puelles et al. (1996), the (suprachiasmatic and 
paraventricular) areas which were most affected by this stage 14 extirpation are 
derived from the same neuromere area.
It is pertinent that Hayes (1994) looking at the regionalisation of thyrotropin- 
releasing hormone (TRH) neuronal phenotypes within the rostral forebrain found a 
similar pattern of development of forebrain neuronal clusters. His studies with TRH 
cells had a similar developmental pattern to what we observed with these TH-neuronal 
midline nuclei. He found that TRH cells first appeared as local, discrete bilateral areas 
that later became regionalised into several forebrain clusters (Hayes, 1994). Thus, 
forebrain neuronal cell clusters arise initially as distinct single or bilateral groups that 
become dispersed into several cell nuclei as a result of anteroposterior extension with 
concomitant cellular intercalation (Wetts and Fraser, 1989; Keller et al., 1992; 
Eagleson et al., 1995).
Recent studies have identified a family of vertebrate genes that encode putative 
signalling molecules important for patterning of the ventral CNS. One member of this 
group, sonic hedgehog (shh ) is expressed in the notochord, floor plate and prechordal 
plate of Xenopus laevis (Ekker et al., 1995). This gene's expression has been 
associated with prosomere subdivisions within the rostral diencephalon (Shimamura et
54
Differentiation ofbackground adaptation
al., 1995) as well as the specific induction of DA-ergic neurones within the ventral 
midbrain and forebrain areas (Hynes et al., 1995). With regard to the present study it is 
of interest that the stage 14 neural plate area extirpated (fig. 3B) in this study has high 
Xenopus sonic hedgehog expression (X-shh ; see fig 2F in Ekker et al., 1995) at this 
specific stage of extirpation. This high shh expression could be due to underlying 
prechordal plate interactions (Ekker et al., 1995). The loss of this shh expressing 
neural plate tissue due to the extirpation caused the later loss of midline DA-ergic 
hypothalamic neurones. This tissue was removed during the time of initial induction of 
the DA-ergic phenotype, and such tissue disruption resulted in the loss of this tissue 
phenotype.
The hypothalamo-hypophyseal tract of the bilateral suprachiasmatic nucleus 
bends down the contours of the hypothalamic pouch, converges at the midline, enters 
the median eminence and then directly innervates the pars intermedia (fig. 5, 7). 
Immunoreactive-TH axons could be observed intermingled within pars intermedia 
cells (fig. 7). Immunoreactive-TH cells are first observed in the TP within stage 37/38 
tadpole brains (unpublished observations) just prior to the ability to background adapt 
which occurs during stage 39/40 (Verburg- van Kemenade et al., 1984). Our present 
study suggests that the DA-ergic cells of the suprachiasmatic nucleus first send out 
axons just prior to or during stage 37/38. During the observed rostral ventrocaudal 
expansion of this diencephalic area, these tracts first maintain their relationship within 
the hypothalamus and are then deflected (due to these morphogenetic events) towards 
the infundibulum. The extirpation studies indicated that the medial and lateral 
forebrain bundles of the telencephalon may provide a favourable terrain for axon 
navigation towards the pars intermedia (fig. 8), since absence of these telencephalon 
tracts occurred concomitantly with disruption of suprachiasmatic tract's extension to 
the pars intermedia. In addition, the extirpated presumptive suprachiasmatic area is 
located at the most anterior area of the underlying prechordal plate. It is conceivable 
that disruption of this area alters prechordal plate interaction with overlying 
neuroectoderm. This prechordal plate-ventral forebrain interaction may "induce" 
ventral areas of the forebrain that are favourable for anteroposterior commissural tract 
formation. Indeed, the notochord-induced floorplate provides a "permissive" 
environment for longitudinal tract formation of commissural neurones (Kennedy et al., 
1994). A similar situation may exist for ventral forebrain areas that immediately 
overlie prechordal plate tissue. Disruption of this tissue interaction within the ventral 
forebrain also prevents tract formation along the ventral midline of the anterior
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hypothalamus (fig. 8). This may have, in turn, disrupted the midline terrain required 
for axon extension from the suprachiasmatic area to the pars intermedia. 
Synaptogenesis within the pars intermedia (fig. 9) may involve local axonal cone- 
melanotrope receptor interaction.
Chapter 3
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Abstract
The amphibian Xenopus laevis is able to adjust its skin colour to the light 
intensity of the environment. Paling of the skin is achieved by inhibiting the release of 
a-melanophore-stimulating hormone (a-MSH) from the melanotrope cells in the pars 
intermedia of the pituitary gland. The release of a-MSH is inhibited by g-aminobutyric 
acid (GAB A), neuropeptide Y (NPY) and dopamine (DA). To locate and identify 
neurones that might be responsible for the inhibitory input, double- and triple- 
immunocytochemistry, retrograde tracing from the pars intermedia with the 
carbocyanine membrane probe FAST Dil and confocal laser scanning microscopy 
were combined. Glutamic acid decarboxylase (GAD), tyrosine hydroxylase (TH) and 
NPY were found to coexist in an axonal network innervating the pars intermedia. The 
suprachiasmatic nucleus (SC) contained different populations of neurones, single-, 
double- or triple-labelled for GAD, NPY and TH. In the lateral SC, NPY-positive 
neurones were observed. TH-immunoreactive (TH-IR) neurones occurred in the 
medial, dorsolateral, lateral and ventrolateral SC. Neurones double-labelled for NPY 
and TH, and triple-labelled for FAST Dil, NPY and TH were present in the 
ventrolateral SC. This same area contained neurones showing triple-labelling for 
GAD, NPY and TH. It is concluded that the triple-labelled and probably the double­
labelled ventrolateral SC neurones (suprachiasmatic melanotrope-inhibiting neurones - 
SMIN) innervate the pituitary pars intermedia and are responsible for the NPY-, DA- 
and GABA-mediated inhibition of melanotrope cell activity in Xenopus laevis.
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Introduction
The South African aquatic toad, Xenopus laevis can adjust the colour of its skin 
in response to environmental stimuli such as light, temperature and stress, in order to 
survive in its continuously changing environment, a process that serves as a model to 
study neuroendocrine communication (Jenks et al., 1993; Roubos, 1997). This 
adjustment depends on the amount of a-melanophore-stimulating hormone (a-MSH) 
released from the melanotrope cells in the pars intermedia of the pituitary. The a-MSH 
causes darkening of the skin by stimulating dispersion of the black pigment melanin in 
dermal melanophores. Inhibition of a-MSH release leads to pigment aggregation and 
results in paling of the skin. Superfusion experiments with neurointermediate lobes 
have revealed that corticotropin-releasing hormone (CRH), thyrotropin-releasing 
hormone (TRH) (Verburg van Kemenade et al., 1987a,c), and acetylcholine (Van 
Strien et al., 1996) stimulate a-MSH release, whereas g-aminobutyric acid (GABA), 
neuropeptide Y (NPY), dopamine (DA), and noradrenaline (NA) inhibit a-MSH 
release (Verburg van Kemenade et al., 1986a,b, 1987b). Acetylcholine is an 
autoexcitatory messenger produced by the melanotropes themselves (Van Strien et al., 
1996). CRH and TRH originate in the hypothalamic magnocellular nucleus (Tuinhof 
et al., 1994c) and have been shown immunocytochemically in free axon terminals in 
the neural lobe of the pituitary, from where they are thought to diffuse to the pars 
intermedia to act upon the melanotropes (Weatherhead, 1983; Jenks et al., 1993). NA 
has been demonstrated immunocytochemically in fibres in the pars intermedia 
(González and Smeets, 1993). The locus coeruleus (LC) has been proposed as the 
origin of these fibres, since LC neurones become labelled after injection of retrograde 
tracers into the pars intermedia (Tuinhof et al., 1994a).
A special role in the control of melanotrope cell activity seems to be played by 
the suprachiasmatic nucleus (SC). The a-MSH release-inhibiting factors NPY, DA 
and GABA also occur in an extensive fibre network in the pars intermedia and, at the 
ultrastructural level, were observed to coexist in synaptic contacts on the melanotropes 
(De Rijk et al., 1990, 1992; Van Strien et al., 1991; Berghs and Roubos, 1996). 
Neurones in the SC are labelled by applying the carbocyanine (DiI) and 
dialkylaminostryryl (DiA) membrane probes to the pars intermedia (Tuinhof et al., 
1994a). Furthermore, filling of the optic nerves with horseradish peroxidase revealed a 
direct connection between the retina and NPY-producing suprachiasmatic neurones 
(Tuinhof et al., 1994a). In situ hybridisation showed the presence of Xenopus
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preproNPY-mRNA in suprachiasmatic neurones in animals adapted to a white 
background but not in black-adapted toads (Tuinhof et al., 1993b). With 
immunocytochemistry, different neuronal populations in the SC were identified, a 
GABA-positive population in developing Xenopus laevis (Barale et al., 1996), one 
positive to anti-NPY (Lázár et al., 1993; Tuinhof et al., 1993b, 1994b; D’Aniello et 
al., 1996), another reacting to anti-tyrosine hydroxylase (TH)/ anti-DA (González et 
al., 1993, 1994; Tuinhof et al., 1993a) and yet another containing NPY and TH 
(Tuinhof et al., 1994c; Battaglia et al., 1995).
The findings mentioned above suggest that among the regulatory centres in the 
brain, SC neurones are crucial in synaptic inhibition of a-MSH-release from the 
melanotropes, by producing GABA, NPY and DA. The present study aims to 
substantiate this idea by studying if and which cell bodies in the SC costore these 
factors and if this coexistence is present in neurones that can be retrogradely traced 
from the pars intermedia. This has been studied by multiple fluorescence 
immunocytochemistry with antisera to glutamic acid decarboxylase (GAD), NPY and 
TH, combined with retrograde tracing from the pars intermedia by using FAST DiI 
and confocal laser scanning microscopy. As a control, the coexistence of GAD, NPY 
and TH in the pituitary pars intermedia was investigated (see De Rijk et al., 1992).
Material and methods
Animals
Twenty adult (aged eight months) specimens of Xenopus laevis, weighing 28­
32 g, were reared under standard laboratory conditions on a grey background 
(melanophore index = 3, according to Hogben and Slome, 1931). They were kept in 
tap water of 22°C under constant illumination, and fed beef heart and trout pellets 
(Trouvit, Trouw, Putten, The Netherlands). Animals were anaesthetised by immersion 
in a solution of 0.1% tricaine methane sulfonate (MS 222; Sigma, St. Louis, MO) and 
transcardially perfused with ice-cold 0.6% sodium chloride solution for 5 min, 
followed by a solution of ice-cold 4% paraformaldehyde, in 0.1 M sodium phosphate 
buffer (pH 7.4; PB) for NPY/TH immunocytochemical double-staining and triple- 
staining with the carbocyanine membrane probe FAST Dil (D-7756; Molecular Probes 
Inc., Eugene, OR), or with 4% paraformaldehyde with 0.5% glutaraldehyde in PB for 
GAD/NPY/TH triple-immunocytochemistry, for 15 min. After removal from the skull,
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brains including the pituitary were postfixed in the same solution for 1 h and 
cryoprotected by immersion in 30% sucrose in PB, at 4°C for 16 h. Brains used for 
tracing experiments remained in 4% paraformaldehyde in PB at 4°C until use. All 
experiments have been carried out under the guidelines of Dutch laws concerning animal 
welfare.
Immunocytochemistry
Cryoprotected brains were embedded in a solution of 15% gelatine with 30% 
sucrose in PB, and the gelatine blocks were subsequently fixed in a solution with 10% 
formaldehyde and 30% sucrose in PB, at 20°C for 6 h. After rinsing in 30% sucrose in 
PB, the blocks were cut on a cryostat and 60 mm horizontal, transversal and sagittal 
sections of the diencephalon were collected in 0.01 M sodium phosphate-buffered 
saline (pH 7.4; PBS). Sections were rinsed 3 times for 1 h at 20°C in PBS containing 
0.3% Triton X-100 (Sigma) (PBSTX). To prevent non-specific binding they were 
treated with PBSTX with 20% normal goat serum, for 15 min at 20°C. The first 
incubation was performed in PBSTX for 48 h at 4°C, in a cocktail of rabbit anti-NPY 
(1:1000; kind gift from Dr H. Vaudry, Rouen, France) and mouse anti-TH (1:250; 
Incstar, Almere, The Netherlands) (double-labelling), or in a cocktail of goat anti- 
GAD (1:500; kind gift from Dr M. Tappaz, Lyon, France), mouse anti-TH (1:250) and 
rabbit anti-NPY (1:1000) (triple-labelling). The high specificities of the first antisera 
against GAD, NPY and TH have been reported previously (Oertel et al., 1981; Danger 
et al., 1985; González et al., 1993; Barale et al., 1996). As controls, primary or 
secondary antisera were omitted. After rinsing, sections were incubated in a cocktail of 
secondary antisera, conjugated with fluorescein isothyocyanate (FITC) (1:60; goat 
anti-mouse; Boehringer, Mannheim, Germany) and Texas Red (1:100; donkey anti­
rabbit; Amersham, Buckinghamshire, UK) for the NPY/TH double-staining, or with 
FITC (1:100; donkey anti-mouse; Jackson Immunoresearch Laboratories, Inc; West 
Grove, PA), Cy-5 (1:100; donkey anti-sheep; Jackson) and lissamine rhodamine B 
sulfonyl chloride (LRSC)(1:100; donkey anti-rabbit; Jackson) for the GAD/NPY/TH 
triple-staining. All incubations were carried out at 4°C for 48 h in the dark. Finally, 
sections were rinsed in PBS and cover-slipped in Citifluor (Agar Scientific Ltd, 
Stanstedt, Essex, UK).
Tracing combined with NPY/TH immunocytochemistry
Brains were shortly rinsed in PBS and tiny FAST DiI crystals were placed
63
Chapter 4
bilaterally in the pars intermedia of the pituitary using minutien pins (Fine Science 
Tools GmbH, Heidelberg, Germany) to retrogradely trace the inhibiting neurones. The 
brains were then returned to the fixation solution and stored at 20°C in the dark, for 6 
weeks. Brains were then cryoprotected in 10% sucrose in 0.1 M PB for 16 h at 4°C. 
Thirty mm transversal sections of the SC were cut on a cryostat, mounted on poly-L- 
lysine (Sigma) coated glass slides and dried for 16 h at 37°C. Sections were incubated 
in PBS containing 0.1% Tween 20 (Sigma), 1% BSA (PBSTW) and 20% normal goat 
serum for 30 min, directly followed by an incubation in a cocktail of rabbit anti-NPY 
(1:1000) and mouse anti-TH (1:100) in PBSTW, for 16 h at 4°C. Sections were rinsed 
in PBS and incubated in a cocktail of FITC conjugated donkey anti-mouse (1:100) and 
Cy-5 conjugated donkey anti-rabbit (1:100; Jackson) diluted in PBSTW for 60 min at 
20°C, rinsed in PBS and mounted with Citifluor (Agar) and a coverslip.
Confocal laser scanning microscopy
Sections were examined with a Nikon Diaphot (Nikon, Tokyo, Japan) and a 
confocal laser scanning microscope (Biorad MRC 600, Hemel Hampstead, UK) 
equipped with an argon laser and a krypton-argon laser as described previously (Brejle 
et al., 1993; Scheenen et al., 1996). After double-labelling experiments the FITC and 
Texas Red signals were collected using the argon laser in combination with the BHS, 
A1, and A2 filter blocks (Biorad). Before collecting the Texas Red signal, the FITC 
signal was bleached by full power laser opening. The krypton-argon laser in 
combination with the K1, K2, and RHS filter blocks (Biorad), was used to collect the 
fluorescent signals in the triple-labelling experiments. Within one tissue section Z- 
scans were made making approximately thirteen, 1 mm optical sections that were then 
projected on top of each other, enabling the visualisation of a large area of the tissue. 
Photographs were taken from a high resolution monitor using Agfa APX 25 (Agfa, 
Leverkusen, Germany) black and white film. The neuroanatomical nomenclature was 
adopted from Neary and Northcutt (1983).
Results
General observations
Using multiple immunofluorescence and confocal laser scanning microscopy,
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with all three antisera clear staining was observed in neurones and their processes, 
whereas other structures, such as melanotrope cells, ependymal cells, blood vessels, 
glial cells and glial-like folliculo-stellate cells, were immuno-negative. In control 
reactions (omission of primary or secondary antisera) no immunoreactivities were 
found, indicating the specificity of the respective immunoprocedures. Moreover, no 
crossreactivities between primary and/or secondary antisera had taken place as 
appeared from the fact that throughout the brain and the pituitary gland various 
neuronal structures could be observed that had been labelled with only one antiserum 
(see for example the pars nervosa; fig. 1).
Pars intermedia
Throughout the pars intermedia an intricate, extensive nerve fibre network is 
present. The fibres form many varicosities, which reveal clear immunoreactivities. The 
majority of the varicosities show triple-labelling with all sera (fig. 1). In some cases 
varicosities were seen that were double-labelled (for NPY and GAD, NPY and TH, or 
GAD and TH), whereas minor numbers of varicosities were found to only label with 
antisera to NPY, GAD or TH. No special areas in the pars intermedia could be 
distinguished on the basis of the immunoreactions, as all staining occurred 
homogeneously throughout the gland. As to the double- and triple-stained varicosities, 
differences in the strength of individual immunoreactions were noted. Often NPY- 
immunoreactivity was dominant over staining with the other two sera, but in some 
varicosities GAD and/or TH dominated (fig. 1).
Suprachiasmatic nucleus
On the basis of the structure of the SC and the occurrence of the different types 
of immunoreacting neurones (fig. 2A-C), four areas in the SC were distinguished: a 
paired medial, a dorsolateral, a lateral, and a ventrolateral area (fig. 2D). Neurones 
single-labelled for GAD or double-labelled for GAD/NPY or GAD/TH were never 
observed. Cells staining for TH only were found in all areas, but especially in the 
medial and dorsolateral areas. In the lateral area they are intermingled with neurones 
stained for NPY. These NPY-positive cells are often located close to the third 
ventricle and some of them have dendritic processes that seem to contact the 
cerebrospinal fluid. Both the TH- and NPY-positive cells have a round appearance and 
a rather thin axon.
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Fig. 1. Transversal section of the pituitary 
gland of Xenopus laevis, triple-labelled 
with GAD- (A), NPY- (B) and TH- 
antiserum (C). Small arrowheads mark 
varicosities where GAD, NPY and TH 
coexist. Large arrowheads point to 
varicosities mainly stained for NPY. 
Varicosities that predominantly stain for 
TH (large arrow) or GAD (small arrow) are 
also indicated. PD, pars distalis; PI, pars 
intermedia; PN, pars nervosa. Scale bar = 
25 mm (A=B=C).
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Fig. 2. Immunofluorescence photographs of a transversal section of the Xenopus suprachiasmatic 
nucleus (SC) double-labelled with NPY- (A) and TH-antiserum (B). In the ventrolateral part of the 
SC, NPY and TH coexist (arrows) whereas in the medial part of the SC, close to the third ventricle 
(III), NPY and TH neurones occur clearly separated. OC, optic chiasm. C NPY-immunoreactive 
neurones in the ventromedial thalamic nucleus (VM) and in the dorsomedial part of the 
suprachiasmatic nucleus (SC). D Cartoon showing the locations of NPY- (closed circle) and TH- 
(open circle) immunoreactive neurones, neurones that double-label for both NPY and TH (closed 
square), or triple-label for GAD, NPY and TH (open square). DL, dorsolateral SC; M, medial SC; L, 
lateral SC; OC, optic chiasm; SC, suprachiasmatic nucleus; VL, ventrolateral SC. Scale bar = 25 mm 
(A = B).
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Fig. 3. Fig. 4.
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Fig. 3. Immunofluorescence photographs of the ventrolateral part of the suprachiasmatic nucleus 
simultaneously stained with GAD- (A), NPY- (B) and TH-antisera (C). Broad arrow indicates 
neurone showing coexistence of GAD, NPY and TH; other neurones are double-stained for NPY and 
TH (arrowheads), and some stain for TH only (large arrow). Scale bar = 25 mm (A=B=C).
Fig. 4. Immunofluorescence photographs of the ventrolateral part of the suprachiasmatic nucleus, 
triple-labelled with fast Dil (A), by retrograde tracing from the pars intermedia, NPY-(B) and TH- 
antiserum (C). Most stained neurones are triple-labelled for fast Dil, NPY and TH (arrowheads), 
some neurones lack fast Dil, but are double-labelled with NPY- and TH-antiserum (arrows). Scale bar 
= 25 mm (A = B = C).
In the ventrolateral area, double-labelled neurones for NPY and TH occur, 
close to the optic chiasm (fig. 2A,B). Intermingled with these cells, about 1 - 3 
neurones showed a triple-reaction with GAD, NPY and TH (fig. 3). Neurones labelled 
with FAST DiI, retrogradely traced from the pars intermedia, were also found in the 
ventrolateral SC and appeared always triple-labelled with NPY and TH. In addition, 
some neurones were observed that were negative for FAST DiI but were double­
labelled for NPY and TH (fig. 4).
Both double- and triple-labelled cells have an oval shape and often the 
proximal part of the axon is rather thick (fig. 2A,B, 3). The relative staining intensities 
obtained with different antisera strongly vary among these neurones, TH often being 
dominant (fig. 3C). Also, the staining intensity with a given antiserum may differ from 
neurone to neurone. At higher magnification in the cell bodies and in the proximal 
parts of the axons different compartments can be discerned. NPY stains compartments 
that may represent the Golgi apparatus and groups of secretory vesicles (fig. 5), 
whereas TH and GAD immunoreactivities occur homogeneously scattered throughout 
the cytoplasm.
In addition to immunoreactive neuronal cell bodies, in the ventrolateral area 
various nerve fibres occur, some of which are labelled with anti-NPY, others with 
anti-TH or anti-GAD. GAD-immunoreactivity reveals a dotted pattern (fig. 3). Some 
of the NPY-immunoreactive fibres were observed to be in close contact with the NPY- 
positive cells suggesting the presence of synaptic contacts (fig. 5).
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Fig. 5. Immunofluorescence photograph of the projection of 13, 1 mm optical sections of the 
ventrolateral part of the suprachiasmatic nucleus stained with anti-NPY. A NPY staining is 
predominantly found in discrete subcellular structures (large arrows). Small arrow points to NPY- 
positive varicosity in close contact with a NPY-positive neurone, as shown by vertical (B) and 
horizontal (C) reslicing through the projected image. Scale bars: A = 10 mm, B = 5 mm (B = C).
Discussion
Methodology
Multiple wavelength immunofluorescence with different fluorochromes 
enabled study of the presence of two and even three antigens within the same section. 
To obtain maximal immunosensitivity, a free-floating section method was used, 
permitting optimal penetration of the antisera into the tissue sections. With this 
method relatively thick (40-60 mm) sections have to be used, reducing the contrast and 
resolution on a standard fluorescence microscope. However, this disadvantage was 
successfully overcome by applying confocal laser scanning microscopy (see Brejle et 
al, 1993).
All antisera used have high specificities (Oertel et al., 1981; Danger et al., 
1985; González et al., 1993; Barale et al., 1996) and the present observations of the 
individual GAD, NPY and TH staining patterns are identical to previous distribution 
studies (González et al., 1994; Tuinhof et al., 1994b; Barale et al., 1996) and control 
reactions are in accordance with those findings. Consequently, we assume that 
immunoreactivities obtained with the antisera raised to GAD, NPY and TH indicate
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that the neurones in question are able to produce GABA, NPY and dopamine, 
respectively.
The pars intermedia
The present immunofluorescence data show that the extensive fibre network in 
the Xenopus pars intermedia contains GABA, NPY and dopamine, and that these 
neural factors coexist in the vast majority of the varicosities. Some varicosities in the 
pars intermedia stain with only one or two antisera. Although some of these 
varicosities (the TH-IR ones) may originate from noradrenergic neurones in the locus 
coeruleus (Tuinhof et al., 1994a) or other unidentified neurones that do not produce all 
three factors, it may also be that the amounts of one or two neural factors in these 
varicosities are below the immunocytochemical detection level. Therefore, it is 
possible that nearly all varicosities in the pars intermedia are able to release GABA, 
NPY and dopamine. This is in line with an immunoelectron microscope triple-staining 
study revealing the coexistence of GABA, NPY and dopamine in almost all 
varicosities in the Xenopus pars intermedia (De Rijk et al., 1992), and emphasises the 
importance of finding neuronal cell bodies costoring GABA, NPY and dopamine, as 
the source of the neural innervation of the Xenopus pars intermedia.
The SC
On the basis of immunocytochemical studies and neuronal tract tracing studies 
with the developing and adult Xenopus brain (Tuinhof et al., 1993a,b, 1994a-c) it has 
been proposed that the SC contains neurones that produce GABA, NPY and DA and 
inhibit the melanotropes. In the present study, double- and triple-immunofluorescence 
methods, using GAD-, NPY- and TH-antisera, were combined with neuronal tract 
tracing experiments. The results reveal different populations of neurones, situated in 
the medial, dorsolateral, lateral and ventrolateral areas of the SC.
Obviously, the best candidates for the neuronal regulators of the melanotrope 
cells are the neurones triple-labelled with FAST DiI, NPY and TH, as well as the 
neurones triple-labelled with GAD, NPY and TH, because (1) they are both located in 
the ventrolateral area of the SC, (2) they produce GABA, NPY and dopamine, as do 
the majority of the varicosities in the pars intermedia (De Rijk et al., 1992), and (3) 
they are marked upon inserting retrograde axonal tracers into the pars intermedia (see 
also Tuinhof et al., 1994a). Their candidature is also supported by the fact that these 
NPY-neurones react in NPY-immunoreactivity and preproNPYmRNA-expression to
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changes in the background light condition (Tuinhof et al., 1993b). Therefore, we will 
call these neurones the suprachiasmatic melanotrope-inhibiting neurones (SMIN). In 
addition to the SMIN, the ventrolateral area contains various neurones that label with 
both TH and NPY. Probably, these neurones are also SMIN because (1) they occur 
intermingled with the SMIN, (2) they have the same morphology as the SMIN (oval, 
with a thick proximal axon) and (3) they react to changes in background light 
condition by changing their NPY and preproNPY mRNA contents (Tuinhof et al., 
1993). The fact that they lack GAD immunoreactivity may be due to a low amount of 
enzyme present. In fact, the GAD antiserum used is known to predominantly stain the 
synapse instead of the cell body (Oertel et al., 1981; Eslapez et al., 1994).
In addition to the ventrolateral SC area, also the medial, dorsolateral and lateral 
SC areas reveal immunoreactive cells. Since these cells stain for one antigen only 
(either NPY or TH) they probably are not SMIN and do not directly contact the 
melanotrope cells. This idea is substantiated by the facts that they have a shape 
different from the SMIN and do not occur in an area that is marked by retrograde 
tracing from the pars intermedia (see also Tuinhof et al., 1994a). However, the lateral 
NPY neurones also change their NPY and preproNPY mRNA contents in reaction to 
light changes of the background (Tuinhof et al., 1993b). So, they might play some role 
in the background adaptation process, such as being interneurones that transfer optic 
information to the SMIN possibly via the NPY varicosities observed in close contact 
with NPY neurones in the ventrolateral SC. Future studies, combining tracing, 
immunocytochemistry and electron microscopy should reveal the phenotypes of 
synaptic input on the SMIN.
The pars nervosa
Interestingly the pars nervosa was also observed to contain GAD, NPY and TH 
immunoreactive fibres. However, these immunoreactivities were never found to 
coexist. The origin of the observed GAD, NPY and TH immunoreactivity remains to 
be further examined, since at least NPY neurones are not present in the magnocellular 
nucleus, and so far only the magnocellular nucleus was found to innervate the pars 
nervosa (Tuinhof et al., 1994a).
Other amphibians
As in Xenopus, retrograde axon tracing experiments in frogs (Rana ridibunda, 
Rana esculenta) have suggested that the SC is involved in the control of the pars
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intermedia. Immunocytochemistry revealed the presence of GABA (Franzoni and 
Morino, 1989), NPY (Danger et al., 1985; Artero et al., 1994) and DA (González et 
al., 1993) in neurones in the suprachiasmatic region. Neurones double-labelled for 
retrograde tracer and immunoreactivity to GABA, NPY or TH have been described in 
the dorsolateral part of the frog SC, having a similar shape as the SMIN identified in 
the present study (Jansen et al. 1997). This suggests that also in Rana SMIN occur, but 
that these cells have a different (dorsolateral) location compared to Xenopus (where 
SMIN are situated in the ventrolateral part of the SC). In addition to the SC, the 
ventral hypothalamic nucleus has been suggested as the origin of the additional minor 
NPY fibre network that occurs in the pars intermedia of Rana (Tonon 1992; Artero et 
al, 1994).
Function of coexistence
The observed differences in staining intensity of GAD, NPY and TH 
immunoreactivities within SMIN and fibres in the Xenopus pars intermedia might be 
caused by the different subcellular locations of the neural factors: NPY is shown in 
structures that may represent the Golgi apparatus and groups of secretory vesicles, 
whereas TH has a more diffuse cytoplasmic distribution. Moreover, the differences 
may be due to different rates of production and release of GABA, NPY and DA. This 
would be in accordance with the finding that GABA, NPY and DA differentially 
inhibit a-MSH release from melanotrope cells (Leenders et al., 1993; Dotman et al., 
1996). This difference has been explained by assuming that the neurotransmitters are 
differentially released depending on the state of adaptation of the animal. Thus, for 
instance, GABA would act only on the short term, especially during the initial stage of 
adaptation to a light background, whereas NPY and DA would act during long-lasting 
adaptation conditions. This is in agreement with earlier studies on coexistence, 
indicating that generally the response to classical non-peptidergic transmitters is rapid 
and short lasting, whereas peptides induce responses of long duration (Hokfelt, 1991).
Recently, it was shown that removal of the presumptive SC from neural plate 
stage Xenopus embryos, results into tadpoles that are unable to adapt to a white 
background (Eagleson et al., 1998). This, together with the observations described 
above, suggests that the SMIN are the primary source of the inhibitory control of the 
melanotrope cells in the pars intermedia of Xenopus laevis.
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Abstract
Using in situ hybridisation with a proopiomelanocortin (POMC)-mRNA probe 
and immunocytochemistry with antisera to POMC and to various POMC-derived 
peptides, it is shown that melanotrope cells in the pars intermedia of the pituitary of the 
South African aquatic toad Xenopus laevis contain POMC, a-melanophore-stimulating 
hormone (a-MSH), g-MSH, acetylated and non-acetylated endorphins and 
adrenocorticotropic hormone (ACTH). With the exception of g-MSH, these peptides are 
also found in the corticotrope cells in the rostral pars distalis. In the Xenopus brain, 
neuronal cell bodies in the ventral hypothalamic nucleus express POMC, a-MSH, g- 
MSH, non-acetylated endorphins and ACTH, neurones in the anterior preoptic area 
reveal POMC, a-MSH, g-MSH and non-acetylated endorphin, neurones in the 
suprachiasmatic nucleus contain a-MSH, non-acetylated endorphin and ACTH and 
neurones in the posterior tubercle show a-MSH, non-acetylated endorphin and ACTH 
immunoreactivities. In the locus coeruleus POMC and ACTH coexist, whereas a-MSH 
and non-acetylated endorphin occur together in the nucleus accumbens, the striatum and 
the nucleus of the paraventricular organ. Finally, a-MSH alone is present in the 
olfactory bulb, the medial septum, the medial and lateral parts of the amygdala, the 
ventromedial and posterior thalamic nuclei, the optic tectum and the anteroventral 
tegmental nucleus, and non-acetylated endorphin alone appears in the epiphysis. It is 
suggested that neurones that form POMC-derived peptides may play a direct or indirect 
role in the control of POMC-producing hypophyseal cells and/or in the physiological 
processes these endocrine cells regulate. This idea is supported by the fact that the 
suprachiasmatic nucleus and the locus coeruleus, both involved in melanotrope cell 
control, show POMC and POMC-peptide expression. A possible involvement in 
melanotrope and/or corticotrope control of the anterior preoptic and ventral 
hypothalamic nuclei, which both express POMC and various POMC-derived peptides, 
deserves future attention.
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Introduction
The South African aquatic toad Xenopus laevis, is able to adapt the colour of its 
skin to the light intensity of the environment. The key protein in this process of 
background adaptation is proopiomelanocortin (POMC; Martens et al, 1983, 1985; 
Martens 1987; Deen et al, 1991), which is processed in the melanotrope cells of the pars 
intermedia of the pituitary into a-melanophore-stimulating hormone (a-MSH). The a- 
MSH peptide causes dispersion of the black pigment melanine in dermal melanophores 
(Jenks and van Zoest 1990; Jenks et al, 1993), resulting in darkening of the toad’s skin. 
In addition to a-MSH, Xenopus melanotropes produce various other POMC-peptides 
with, up to now, unknown functions, such as g-MSH and acetylated endorphin (Martens 
et al, 1983, 1985; Martens 1987; Deen et al., 1991; Van Strien et al., 1995a,b, 1996a).
In recent years, much attention has been paid to the identification of brain centres 
that regulate melanotrope cell activity in X. laevis (for review see, e.g. Roubos 1997). In 
this search various approaches have been used. By retrograde labelling, the 
suprachiasmatic nucleus and locus coeruleus have been demonstrated to innervate the 
melanotropes directly via synaptic contacts (Artero et al, 1994; Tuinhof et al, 1994a; 
Jansen et al, 1997). As to suprachiasmatic neurones, superfusion studies (Verburg-Van 
Kemenade et al, 1986a,b, 1987a) and immunoelectron microscopy have shown that 
these neurones inhibit a-MSH secretion from the melanotropes by synaptic release of g- 
aminobutyric acid (GABA), dopamine (DA) and neuropeptide Y (NPY) (De Rijk et al, 
1990,1992; Van Strien et al, 1991; Tuinhof et al, 1994a,b). Using quantitative 
immunocytochemistry and in situ hybridisation it was furthermore found that adaptation 
to a white background induces the expression of NPY-mRNA and NPY in 
suprachiasmatic neurones, suggesting a major role of light input in the control of the 
suprachiasmatic nucleus and melanotrope cell activities (Tuinhof et al, 1993b). 
Moreover, developmental studies have revealed that the developments of the 
suprachiasmatic neurones and the melanotrope cells proceed simultaneously, underlining 
the functional relationship between these cells (González et al, 1994; Tuinhof et al, 
1994c). In addition to the suprachiasmatic nucleus, in vitro superfusion (Verburg-Van 
Kemenade et ail, 1986c) and immunocytochemical (González et al, 1993; González and 
Smeets 1993; Tuinhof et al., 1994a) studies have indicated that locus coeruleus neurones 
inhibit melanotrope cells, probably by synaptic release of noradrenaline (Verburg-Van 
Kemenade et al., 1986c; Chrousos and Gold 1992; González and Smeets 1993; Tuinhof 
et al, 1994a; Lamacz et al., 1995; Marín et al., 1996; Jansen et al., 1997). A third
77
Chapter 5
control centre of the melanotropes, the magnocellular nucleus, appears to stimulate 
secretion of a-MSH from the melanotrope cell by releasing thyrotropin-releasing 
hormone (TRH) and corticotropin-releasing hormone (CRH) from the neural lobe of the 
pituitary, as revealed by immunocytochemistry (Mimnagh et ail., 1987; Zoeller and 
Conway 1989; Hayes 1994), superfusion (Verburg-Van Kemenade et al., 1987b,c) and 
retrograde tracing experiments (Pasquier et al., 1980; Tuinhof et al., 1994a).
To obtain indications whether, in addition to the suprachiasmatic nucleus, the 
locus coeruleus and the magnocellular nucleus, other brain centres are involved in the 
control of melanotrope cell activity in Xenopus laevis, we aim to follow a different 
approach. This approach is based on the fact that in Xenopus laevis the anterior neural 
ridge of the neuroectoderm gives rise to endocrine hypophyseal cells (corticotropes) and 
hypothalamic cells that both express ACTH (Eagleson and Harris 1989; Eagleson et al., 
1986,1995; Hartenstein 1989; Hayes and Loh 1990; Kawamura and Kikuyama 
1992,1995; Hayes 1994). This indicates that, in Xenopus, endocrine cells (including 
corticotrope and melanotrope cells) and neurones that express POMC and POMC- 
derived peptides have a common embryonic origin. This has led us to hypothesise that 
POMC-cells and POMC-neurones have related functions as well, e.g. controlling each 
other’s activities and/or being involved in the process of background adaptation. If this 
hypothesis, which will be referred to as the "common POMC-function hypothesis", is 
correct, neurones that play a role in the control of melanotrope (background adaptation) 
or corticotrope cell activity might be identifiable on the basis of their POMC and 
POMC-derived peptide contents.
There are data indicating that this type of hypothesis can be extended to the 
precursors of other peptides as well. It has been shown for instance that gonadotropin- 
releasing hormone (GnRH) is produced in the mammalian ovary, regulating the ovarian 
activity (Sakakibara et al., 1989; Oikawa et al., 1990; Goubau et al., 1992). In fish 
GnRH-like compounds may be involved in ovarian control by acting on specific GnRH 
receptors (see e.g. Habibi and Pati 1993). Similarly, indications have been obtained for a 
common gonadotrope role of brain and testis GnRHs in the lizard (Ciarcia 1993) and in 
the frog (Fasano and Pierantoni 1993). Another example of a common function of a 
brain and a peripheral (neuro) peptide is oxytocin, brain and testicular oxytocins both 
having musculotonic, reproductive actions (for review see e.g. Pickering and Nicholson
1993).
Prior to the common POMC-function concept being used to identify neuronal 
centres in the Xenopus brain involved in hypophyseal melanotrope and corticotrope
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functions, in the present study we have tested this concept by investigating the 
distribution of POMC-neurones in the Xenopus brain, with (1) in situ hybridisation using 
a POMC-mRNA probe and (2) immunocytochemistry using antisera against POMC and 
various POMC-derived peptides. The study included brain centres assumed to be 
involved in the control of melanotrope cell activity, namely the suprachiasmatic nucleus, 
the locus coeruleus and the magnocellular nucleus. The melanotrope and corticotrope 
cells of the pituitary, known to contain POMC and POMC-peptides, served as controls.
Materials and methods
Animals
Adult (aged eight months) male and female specimens of Xenopus laevis, with a 
body weight of 28-32 g, were used. The toads had been reared in our laboratory under 
standard conditions, fed beef heart weekly. Full background adaptation was achieved by 
keeping the toads for three weeks on a white or black background, at 20 °C, under 
constant illumination. All results apply equally to males and females and to white and 
black adapted animals. Prior to immunocytochemistry and in situ hybridisation the toads 
were anaesthetised with 0.1% tricaine methane sulphonate (MS 222, Sandoz, Basel, 
Switzerland). All experiments were carried out under the guidelines of the Dutch laws 
concerning animal welfare.
Immunocytochemistry
Twenty anaesthetised animals were transcardially perfused with 50-100 ml 0.6% 
sodium chloride solution followed by 150 ml Bouin Hollande fixative containing 2.5% 
copper acetate, 3.7% formaline, 1% acetic acid and saturated picric acid. After 
dissection, for cryosectioning brains were postfixed in the same fixative, for 2 h, and 
cryoprotected in 30% sucrose in 50 ¡mM sodium phosphate buffer (pH 7.6) until 
saturation. Horizontal, sagittal and transversal 25 mm cryostat sections were mounted on 
poly-L-lysine-coated slides. For paraffin sectioning, the other brains were processed 
through graded alcohol and xylene series and embedded in paraffin. Sagittal and 
transversal 5 mm sections were mounted on poly-L-lysine-coated slides and 
deparaffinated.
All rinsing and incubation steps were carried out in 50 ¡mM Tris-buffered saline 
(pH 7.6) containing 150 mM NaCl and 0.3 % Triton (TBS-TX; Sigma, St Louis, MO,
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U.S.A.), at 20 °C. Before incubation, sections were rinsed in TBS-TX for 30 min. To 
prevent aspecific binding, they were incubated with 20% normal goat serum in TBS-TX 
(30 min). The primary antisera indicated in table 1 were applied for 16 h at 20 °C. The 
second antibody, goat anti-rabbit (1:100; Nordic; Tilburg; The Netherlands), was added 
for 2 h, and the immunoreaction was completed by incubation for 2 h with rabbit 
peroxidase-anti-peroxidase (1:1000; Nordic). Visualisation of immunobinding was 
achieved by rinsing sections for 30 min with Tris-HCl (pH 7.6) and subsequent 
incubation in 0.04% 3,3'-diaminobenzidine tetrahydrochloride (DAB; Sigma) and 
0.015% H2O2 in Tris HCl. Intensification of the staining was achieved with 0.5% nickel­
ammonium sulphate in the DAB solution. Finally, sections were dehydrated and 
coverslipped with Entellan (Sigma).
Table 1. Characteristics of primary antisera used for immunocytochemistry. Abbreviations used: Ac- 
EP, acetylated endorphins; EP, non-acetylated endorphins.
Antiserum sequence antigena cross-reactivityb species working
dilution
reference
POMC
(ST62)
cleavage site
ACTH/p-LPH:
(Glu-Leu-Arg-
Arg-Glu-Leu-Ser-
Leu-Glu-Cys)
none rabbit 1:2000 Berghs et al, 1997
ACTH [1-24] rat ACTH none rabbit 1:1000 Van Eys and Van 
den Oetelaar, 1981
a-MSH full length a- 
MSH
100% with desacetyl 
MSH
rabbit 1:800 Van Zoest et al, 
1989
g-MSH full length g-MSH none rabbit 1:800 Van Strien et al, 
1995b
Ac-EP [1-8] of a,N- 
acetylated-b- 
endorphin
< 0.1% with a-MSH, 
ACTH, g-MSH and 
non- acetylated P- 
endorphin
rabbit 1:2000 Van Strien et al, 
1995a
EP [1-8] of p- 
endorphin
100% with a,N- 
acetylated-P-endorphin
rabbit 1:2000 Van Strien et al, 
1995a
a Synthetic Xenopus sequences unless stated otherwise
b According to the literature antisera have no cross-reactivity to other peptides unless stated otherwise 
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POMC-probe synthesis
Templates for probe synthesis were constructed by cloning a 239 nucleotide 
insert (bp 285 to 524) of Xenopus POMC (EMBL/GenBank Accession number M11346; 
Martens et al., 1985) into the EcoRI and XhoI sites of Bluescript SK- (Stratagene, La 
Jolla, CA, U.S.A.) in the antisense orientation with respect to the T7 promotor. 
Linearization with Bam HI and transcription with T7 RNA polymerase generated a 284 
nucleotide antisense probe and linearization with KpnI and transcription with T3 RNA 
polymerase generated a 324 nucleotide sense probe.
In situ hybridisation
For in situ hybridisation, 7 anaesthetised animals were transcardially perfused 
with icecold 0.6% sodium chloride solution followed by 4% 0.1 M sodium phosphate- 
buffered paraformaldehyde (pH 7.4) and postfixed in the same fixative for 1 h at 4 °C. 
Then, brains with pituitaries were dissected out and rinsed in 30% sucrose at 4 °C for 18 
h. Cryostat sections (20 mm) were transferred to poly-L-lysine-coated slides and dried 
for 18 h at 37 °C. Sections were rinsed 3 times for 5 min in 0.01 M PBS (pH 7.4). A 10 
min rinse in 2 X SSC (1 x SSC = 0.15 M NaCl and 0.015 M sodium citrate) at 20 °C 
preceded prehybridizing for 1 h in hybridizing mixture. The hybridisation mixture 
consisted of 50% de-ionized formamide, 4 x SSC, 10% dextran sulphate, 1 x Denhardts 
{(0.02% Ficoll 400; Pharmacia, Uppsala, Sweden), 0.02% polyvinyl pyrolidone 
(Sigma), 0.2% bovine serum albumin (Sigma)}, 200 mg/ml yeast tRNA (Boehringer, 
Mannheim, Germany) and 25% distilled water. After 10 min rinsing in 2 X SSC and 
removal of excess SSC, 200 ml hybridisation mixture containing 1 ml ssDNA 
(Pharmacia), denaturated for 45 min at 100 °C, and 40 ng of the probe stretched for 5 
min at 80 °C, were added to the glass slides. Hybridisation was performed for 16 h at 42 
°C in a moist chamber. After hybridisation with the antisense preproPOMC-mRNA 
probe the sections were rinsed twice for 30 min at 20 °C in 2 X SSC, for 30 min in 100 
mg/ml RNAse A in 2 X SSC, and 2 times for 30 min in 2 X SSC. Subsequently, they 
were rinsed twice at 55 °C and 20 °C in 0.1 X SSC, for 30 min. To visualise the 
hybridisation sites, sections were rinsed at 20 °C for 10 min (2X) in 0.1 M Tris-buffered 
saline (TBS) (pH 7.5), and for 15 min in 0.1 M TBS (pH 7.5) containing 10% blocking 
agent (TBS-b; Boehringer), and then incubated in alkaline phosphatase conjugated anti- 
digoxigenin (1:500 in TBS-b; Boehringer) for 2 h. After rinsing in TBS for 10 min (2X) 
and in 0.1 M Tris buffer containing 0.1 M NaCl and 0.05 M MgCl2 (TBS-c; pH 9.5) for 
5 min, incubation followed in 45 ml nitroblue tetrazolium (Boehringer) and 35 ml X-
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phosphate (4-toluidine salt; Boehringer) in 10 ml TBS-c, at 4 °C for 16 h. Finally, sec­
tions were rinsed in distilled water and embedded in Kaiser's glycerol gelatin (Merck, 
Darmstadt, Germany). All solutions were prepared with 1% diethyl pyrocarbonate- 
treated water, except for the MS222 solution (tap water) and solutions used for 
immunocytochemistry.
Specificity of antisera
The specificity of the antisera was tested by (1) using preimmune sera, (2) using 
primary antisera preabsorbed with excess of native peptides and (3) omission of primary 
or secondary antisera from the immunocytochemical procedure. In some cases reference 
was made to specificity data from the literature (table 1). The specificity of the POMC- 
probe was determined by application of the sense and anti-sense probes on subsequent 
sections.
Nomenclature and presentation of data
The neuroanatomical nomenclature used for the description of brain areas was 
based on previous publications (Northcutt and Kicliter 1980; Neary and Northcutt 1983; 
Nikundiwe and Nieuwenhuis 1983; González et al.,1993,1994; Lázár et al., 1993). The 
POMC-, ACTH-, g-MSH-, a-MSH- and endorphin-immunoreactive cell bodies and 
fibres have been plotted in representative sections (fig. 2) of which the levels of 
sectioning are indicated in figure 1. The distribution in the brain and pituitary of 
immunoreactive cell bodies is summarised in table 2.
Results
Neither in the pituitary nor in the brain was a hybridisation signal found in 
neuronal fibres, glial cells, the glial-like folliculo-stellate cells, ependymal cells or 
endothelial cells. Except for the fibres, these cell types also did not reveal any 
immunopositive reaction. In none of the immunocytochemical specificity control cases 
was staining observed.
POMC
In situ hybridisation. In the pituitary a POMC-positive signal was found in the 
melanotrope cells of the pars intermedia and in the corticotrope cells, located in the 
rostral part of the pars distalis (fig. 3). In the brain, POMC-expressing neurones were
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present in the anterior preoptic nucleus, in the ventral hypothalamic nucleus (fig. 4, 5) 
and in the locus coeruleus (fig. 2). Staining with the antisense probe was never found.
Table 2. Summary of the distribution of POMC- and POMC-derived 
peptide-immunoreactive cell bodies and endocrine cells in Xenopus 
laevis brain and pituitary. Abbreviations used: Ac-EP, acetylated 
endorphins; Acc, nucleus accumbens; Apm, amygdala, pars medialis;
Apl, amygdala, pars lateralis: AV, anteroventral mesencephalic nucleus;
E, epiphysis; EP, non-acetylated endorphins; LC, locus coeruleus; Mg, 
magnocellular nucleus; Ms, medial septum; NPv, nucleus of the 
paraventricular organ; OBml, olfactory bulb, mitral cell layer; P, 
posterior thalamic nucleus; pdc, pituitary, pars distalis, corticotrope 
cells; pi, pituitary, pars intermedia; POa, anterior preoptic nucleus; SC, 
suprachiasmatic nucleus; Str, striatum; TeO, optic tectum; TP, posterior 
tubercle; VH, ventral hypothalamic nucleus; VM, ventromedial 
thalamic nucleus.
ACTH g-MSH POMC a-
MSH
EP Ac-EP
OBml - - - + - -
Ms - - - + - -
Str - - - + + -
Acc - - - + + -
Apm - - - + - -
Apl - - - + - -
E - - - - + -
VM - - - + - -
P - - - + - -
Mg - - - - - -
POa - - + + + -
SC + - - + + -
NPv - - - + + -
TP + - - + + -
VH + + + + + -
pi + + + + + +
pdc + - + + + +
TeO - - - + - -
AV - - - + - -
LC + - + - - -
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Immunocytochemistij. In the pituitary, the melanotrope and corticotrope cells 
showed strong immunoreactivity (fig. 2, 6, 8). As to the brain, in the diencephalon 
POMC-immunopositive neuronal cell bodies were found in the ventral part of the 
anterior preoptic nucleus, close to the preoptic recess (fig. 2). In the infundibular area a 
large number of POMC-immunoreactive neurones were observed throughout the ventral 
hypothalamic nucleus (fig. 7, 8). A group of POMC-immunoreactive neurones was 
present in the locus coeruleus (fig. 2).
As to neuronal fibres, in the telencephalon immunopositive fibres run in the 
dorsal and medial pallium, just medial to the dorsal tip of the lateral ventricle (fig. 2). 
Further caudal in the diencephalon positive fibres were present in the lateral preoptic 
area and in the anterior preoptic nucleus, the ventromedial thalamic nucleus, the 
posterior thalamic nucleus, the lateral hypothalamus, the posterior tubercle, the ventral 
hypothalamic nucleus and the ventral tegmental area (fig. 2). Immunoreactive fibres 
were also found in the median eminence.
Fig. 1. Dorsal view of the brain of the South African 
clawed toad Xenopus laevis. The letters on the left 
hand side refer to those of the transverse sections in
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Fig. 2. Diagrams of transverse sections through the brain of Xenopus at levels as indicated in figure 1. 
In these sections the distribution of immunoreactive cell bodies (large dots) and fibres (small dots and 
wavy lines) is projected. From left to right the results are given that were obtained with antisera against 
ACTH, a-MSH, POMC, g-MSH and endorphin. A, anterior thalamic nucleus; ac, anterior commissure; 
Acc, nucleus accumbens; Ad, nucleus anterodorsalis tegmenti; Apl, amygdala, pars lateralis; Apm, 
amygdala, pars medialis; Av, nucleus anteroventralis tegmenti; DB, diagonal band of Broca; dp, dorsal 
pallium; E, epiphysis; epl, extragranular plexiform layer; gl, glomerular layer of the olfactory bulb; gr, 
granular cell layer of the olfactory bulb; Hd, dorsal habenula; Hv, ventral habenula; igl, internal granular 
layer; Ip, interpeduncular nucleus; Is, nucleus isthmi; LA, lateral thalamic nucleus, pars anterior;
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LC, locus coeruleus; lot, lateral olfactory tract; lp, lateral pallium; Lpv, lateral thalamic nucleus, pars 
posteroventralis; ls, lateral septum; lv, lateral ventricle; ml, mitral cell layer of the olfactory bulb; mot, 
medial olfactory tract; mp, medial pallium; ms, medial septum; Npv, nucleus of the paraventricular 
organ; nII, nervus opticus; P, posterior thalamic nucleus; pc, posterior commissure; pd, pituitary , pars 
distalis; pi, pituitary , pars intermedia; pn, pituitary , pars nervosa; POa, anterior preoptic nucleus; SC, 
suprachiasmatic nucleus; Str, striatum; tect, tectum mesencephali; tegm, tegmentum mesencephali; Tor, 
torus semicircularis; TP, posterior tubercle; VH, ventral hypothalamic nucleus; VM, ventromedial 
thalamic nucleus; vn, vomeronasal nerve; III, nucleus nervi oculomotorius
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Fig. 3-8. In situ hybridisation with the preproPOMC-mRNA probe and immunocytochemistry with 
POMC antiserum, show staining in the melanotrope cells of the pars intermedia (pi) and corticotrope 
cells in the rostral part of the pars distalis (pd; arrow) in a sagittal section through the pituitary (fig. 3). 
In the caudal hypothalamus neurones of the ventral hypothalamic nucleus (VH) in a horizontal (fig. 4) 
and a transverse (fig. 5) section show a positive hybridising signal. POMC-immunoreactivity is shown in 
the melanotrope cells of the pars intermedia and the corticotrope cells of the rostral pars distalis (arrow) 
in a sagittal section through the pituitary (fig. 6). The ventral hypothalamic nucleus contains POMC- 
positive neurones in a horizontal (fig. 7) and transversal (fig. 8) section. OC, optic chiasm; me, median 
eminence; IR, infundibular recess; pn, pars nervosa. Scale bars: 100 mm.
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a-MSH
In the pituitary, immunoreactivity to a-MSH was observed in the melanotrope 
cells and, though clearly weaker, in the corticotrope cells (fig. 2). In the brain, a-MSH- 
immunoreactive neurones were abundant. The most rostral group of immunoreactive cell 
bodies occurred in the mitral cell layer of the olfactory bulb. More caudal a mediolateral 
band of a-MSH-positive perikarya was seen in the medial septum. These small cells 
were located in the centre of the nucleus and were intermingled with a fair number of 
beaded, a-MSH-immunoreactive fibres. A few positive neurones were present in the 
striatum (fig. 9,10) but a much larger population was found in the nucleus accumbens. 
More caudal, positive neurones were seen to lie just dorsal of the anterior commissure, 
in the medial and lateral parts of the amygdala. The diencephalon contained the majority 
of a-MSH immunoreactive neurones. In the preoptic part of the hypothalamus two 
groups of positive neurones were found. The most rostral group was present in the 
anterior preoptic nucleus and contained small, scattered perikarya, whereas the other 
group occurred in the caudal part of the preoptic area, namely in the suprachiasmatic 
nucleus (fig. 2). Some of the immunopositive suprachiasmatic neurones send protrusions 
to the third ventricle, whereas others are situated more laterally in the nucleus. The 
caudal hypothalamus showed the largest number of a-MSH-positive neurones, the most 
prominent population consisting of numerous parvocellular neurones in the ventral 
hypothalamic nucleus (fig. 11). Another cluster of neurones occurs in the caudal 
hypothalamus in the nucleus of the paraventricular organ. The perikarya have liquor- 
contacting protrusions. A group of caudal hypothalamic immunopositive neurones was 
situated in the posterior tubercle and the dorsal diencephalon revealed two nuclei with 
immunoreactive cell bodies, one in the caudal part of the ventromedial thalamic nucleus, 
the other in the caudal part of the posterior thalamic nucleus close to the posterior 
commissure (fig. 2).
In the dorsal mesencephalon, a few weakly a-MSH-positive cells were present in 
the optic tectum, and in the ventral mesencephalon. Such cells also appeared in the 
anteroventral tegmental nucleus (fig. 2).
An a-MSH labelling of beaded fibres was found throughout the brain. The most 
extensive fibre labelling appeared in the hypothalamus, especially within and around the 
anterior preoptic nucleus, and in the lateral preoptic area ventral to the anterior 
commissure. In the caudal hypothalamus many fibres ran through the ventral 
infundibular area and the lateral hypothalamic area. They could be traced underneath the 
ventral hypothalamic nucleus where they followed a caudal direction towards the
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median eminence to terminate. Moderate fibre labelling was found in the ventral 
telencephalon, especially in the accumbens region, lateral septum and amygdala (fig. 2). 
In the telencephalon only a few scattered fibres were seen throughout the pallium, with a 
denser labelling in the mid lateral pallium and at the dorsal tip of the lateral ventricle in 
the border area of the dorsal and medial pallium. In the mesencephalon beaded, 
immunopositive fibres were noticed in the ventral tegmental area and in layer 6 of the 
optic tectum.
g-MSH
Strong g-MSH-immunoreactivity was observed in the melanotrope cells of the 
pars intermedia. In the brain positive cell bodies were encountered in the ventral 
hypothalamic nucleus (fig. 12) while the rest of the central nervous system was devoid 
of g-MSH-positive cell bodies.
The most rostral fibre labelling was found in the medial and dorsal pallium close 
to the dorsal tip of the lateral ventricle. In the diencephalon a beaded fibre labelling was 
seen in the lateral preoptic area and in the lateral hypothalamic area. In the 
mesencephalon, g-MSH-positive fibres occurred in the torus semicircularis and in the 
ventral tegmental area (fig. 2F).
Acetylated endorphins
Using the antiserum against the acetylated forms of the endorphins only the 
melanotrope cells and the corticotrope cells appeared immunoreactive (fig. 2F); the brain 
was devoid of immunostaining.
Acetylated and non-acetylated endorphins
With an antiserum specifically recognising both acetylated and non-acetylated 
endorphins (table 1), both melanotrope and corticotrope cells were positively stained 
(fig. 2). In the brain, the most rostral group of immunopositive neurones was observed in 
the nucleus accumbens (fig. 13). The numerous cells disappeared in the caudal direction 
and consisted of two subgroups. The first and largest subgroup was present in the dorsal 
part of the nucleus and the perikarya were intermingled with beaded endorphin-positive 
fibres that revealed a strongly stained, extensive termination zone. The other neurones 
were more scattered in the ventral part of the nucleus accumbens. Caudally in the 
striatum a few cell bodies showed immunoreactivity and occurred intermingled with 
beaded fibres that formed a mediolateral band in the middle of the striatum (fig. 13). The 
vast majority of labelled neurones occurred in the diencephalon, with a prominent group 
in the dorsal half of the anterior preoptic nucleus (fig. 14). Some multipolar neurones 
could
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Fig. 9-14. Figure 9 shows a-MSH-immunoreactive neurones and fibres in the telencephalon. At a 
higher magnification a-MSH-positive neurones are visible in the striatum (Str; fig. 10). In the caudal 
hypothalamus the ventral hypothalamic nucleus (VH) contains a-MSH- (fig. 11) and g-MSH- positive 
(fig. 12) neurones. Figure 13 shows endorphin-immunoreactivity in the telencephalon present in fibres 
in the lateral septum (ls) and in neurones in the striatum and nucleus accumbens (Acc). In the preoptic 
hypothalamus, neurones of the preoptic anterior nucleus (POa) are endorphin-positive (fig. 14). lp, 
lateral palium; Iv, lateral ventricle; III, third ventricle. Scale bars: 100mm.
also be visualised in the suprachiasmatic nucleus (fig. 15). In the infundibular area 
numerous positive neurones were present in the ventral hypothalamic nucleus (fig. 16), 
the posterior tubercle and the nucleus of the paraventricular organ. In the latter area, 
cells were multipolar and had protrusions that contacted the third ventricle. Extensive 
labelling was observed in the pinealocytes of the epiphysis (fig. 17).
A low number of scattered immunoreactive beaded fibres was present in the 
telencephalon, in the medial septum and in the medial and dorsal pallium. In contrast, an 
extensive projection zone of labelled fibres occurred in the ventral part of the nucleus 
accumbens (fig. 2) and a strong fibre labelling was present in the preoptic hypothalamus, 
namely in the lateral preoptic area and the anterior preoptic nucleus. Numerous beaded 
fibres were seen to run in the ventral tegmentum and in the lateral hypothalamus. In the 
ventral part of the infundibulum immunopositive fibres were seen underneath the ventral 
hypothalamic nucleus running in a caudal direction projecting towards the external zone 
of the median eminence, forming many varicosities.
ACTH
A strong, immunopositive reaction with the ACTH antiserum was found in the 
hypophyseal corticotrope cells but also in the melanotrope cells (fig. 18). In the brain, 
ACTH-immunoreactive cells were only seen in the suprachiasmatic nucleus, the ventral 
hypothalamic nucleus (fig. 19), posterior tubercle and locus coeruleus (fig. 2).
Fibre labelling was found in the lateral hypothalamus, the ventral hypothalamic 
nucleus, the posterior tubercle, the ventral tegmental area and the isthmic area.
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Fig. 15-19. In the caudal diencephalon endorphin-positive neurones are shown in the suprachiasmatic 
nucleus (SC; fig. 15) and the ventral hypothalamic nucleus (VH; fig. 16). The epiphysis (E) contains 
endorphin-positive pinealocytes (fig. 17). ACTH-immunoreactivity in the endocrine cells of the 
pituitary (fig. 18; arrows) and neurones and fibres of the ventral hypothalamic nucleus (fig. 19). pd, 
pars distalis; pn, pars nervosa; tegm, tegmentum mesencephali; III, third ventricle. Scale bars: 100mm.
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Discussion
Specificity of antisera
The immunocytochemical tests confirmed the high specificity of all antisera used. 
As to the antiserum against non-acetylated endorphins it should be noted that it 
recognises both the acetylated and non-acetylated forms of endorphin (Van Strien et ail., 
1995a), whereas acetylated endorphins are specifically recognised by the anti-acetylated 
endorphin serum. Consequently, the endorphins demonstrated in the pituitary are 
acetylated as they react with both the anti-endorphin sera whereas the endorphins found 
in the brain appear non-acetylated as they do not react with the antiserum raised against 
acetylated endorphin.
The occurrence ofPOMC and POMC-peptides in amphibians
Up to now a clear and complete picture of the distribution of POMC and POMC- 
peptides in the brain of adult Xenopus laevis has not been available. POMC has been 
described in Xenopus larvae, namely in the anterior preoptic nucleus, the ventral 
hypothalamic nucleus and the locus coeruleus (Hayes and Loh 1990). As to the POMC- 
derived peptides in other amphibians only for Rana ridibunda has a distribution been 
reported, e.g. for a-MSH and endorphin (Doerr-Schott et al, 1981; Yui 1983; 
Benyamina et al, 1986; Andersen et al, 1987,1993; Vallarino 1987; D’Aniello et al,
1994), but these reports are not congruent in all respects. In fact, in amphibians 
considerable interspecies differences occur in the distribution of some neurotransmitters, 
as was shown for NPY in Xenopus laevis (Lázár et al., 1993; Tuinhof et al., 1994c) 
versus Rana esculenta (Lázár et al., 1993; D’Aniello et al., 1994), for vasotocin and 
mesotocin (Dierickx 1980; González and Smeets 1992a,b) and for catecholamines 
(González and Smeets 1991,1993; González et al., 1993,1994). Also for this additional 
reason, a detailed description of the distribution of POMC and POMC-peptides in the 
brain of Xenopus laevis, using the pituitary as a control, is worthwhile. The present data 
indicate that POMC and its derived peptides not only occur in the pituitary but also in 
various distinct areas in the brain.
POMC and POMC-peptides in the pituitary of Xenopus laevis
The results from the pituitary gland demonstrate the usefulness of the applied in 
situ hybridisation and immunocytochemistry in demonstrating the presence of POMC 
and POMC-derived peptides in Xenopus. POMC, as shown by in situ hybridisation and
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immunocytochemistry, and the POMC-peptides ACTH, a-MSH, g-MSH and acetylated 
endorphins are present in the melanotrope and corticotrope cells. These cells are known 
to synthesise POMC and to cleave this precursor into the respective POMC-peptides 
(Martens 1987; Deen et al., 1991; Van Strien et al., 1995b,1996a). The staining of 
melanotrope cells with the anti-ACTH antiserum may seem surprising, as melanotrope 
cells do not secrete ACTH but cleave this peptide to a-MSH and corticotropin-like 
intermediate peptide (Van Strien et al., 1995b,1996a). Since the ACTH antiserum does 
not cross-react with any of the other POMC-peptides tested (Van Eys and Van den 
Oetelaar 1981) the melanotrope cells likely contain some ACTH as an intermediate 
POMC-processing product. The positive reaction of the corticotrope cells with the a- 
MSH antiserum may be explained by assuming that the corticotrope cells of Xenopus 
process some ACTH to a-MSH. This finding is in line with the situation in Rana 
esculenta, except for the observation that in Rana corticotropes a-MSH 
immunoreactivity disappears after stage 32 (D’Aniello et al., 1994). From our results on 
POMC in the pituitary, we conclude that the in situ hybridisation and 
immunocytochemical techniques applied are adequate tools to identify and localise 
POMC and POMC-derived peptides in the brain of Xenopus laevis.
Testing the common POMC-function hypothesis
On the basis of neuroanatomical and experimental morphological evidence, the 
suprachiasmatic nucleus, the locus coeruleus and the magnocellular nucleus are assumed 
to play a role in the control of melanotrope cell activity in Xenopus laevis (González and 
Smeets 1993; González et al, 1993; Lázár et al, 1993; Tuinhof et al, 
1993a,b,1994a,b,c). To test the common POMC-function hypothesis, i.e. by studying 
whether the suprachiasmatic nucleus, the locus coeruleus and the magnocellular nucleus 
produce POMC and POMC-peptides as do the endocrine hypophyseal POMC-cells, 
these nuclei have been investigated with in situ hybridisation and immunocytochemistry. 
As to the suprachiasmatic nucleus, immunoreactivity is present for a-MSH, endorphins 
and ACTH, which is in line with the hypothesis. As to the locus coeruleus, POMC is 
present as appears from the positive immuno staining with anti-POMC and from the 
positive hybridisation signal with the POMC probe. Moreover, locus coeruleus neurones 
appear to contain ACTH. These data also support the common POMC-function 
hypothesis. It is true that neither the suprachiasmatic nucleus nor the locus coeruleus 
react to all sera tested, but this does not necessarily argue against the hypothesis, for the 
following reason. The amounts of POMC and POMC-peptides are much lower in the
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brain than in the pituitary (Vaudry et al., 1978), as appears from the fact that staining of 
brain areas requires antiserum concentrations 10-100 times higher than needed for 
staining the hypophyseal melanotropes and corticotropes. Therefore, it is very likely that 
in some cases, such as for the locus coeruleus and the suprachiasmatic nucleus, the 
amounts of POMC and POMC-peptides present are too low to be detected by our 
immunocytochemical methods. Such low amounts may still be biologically very relevant 
as they may, for instance be due to (a) a low expression of POMC during neuronal 
inactivity, (b) a very high breakdown of POMC mRNA in highly active neurones, and 
(c) a high turnover of POMC protein and/or a very high secretory rate of POMC- 
peptides, depleting the intracellular storage of these products. In the case of the 
magnocellular nucleus, such arguments might explain the absence of a positive signal of 
POMC or POMC-peptides.
The ventral hypothalamic nucleus
Among the brain areas showing the presence of POMC and/or POMC-peptides, 
only the ventral hypothalamic nucleus shows both a positive reaction with the POMC- 
mRNA probe and with the POMC, ACTH, a-MSH, g-MSH and non-acetylated 
endorphins antisera. This strongly indicates that this nucleus is able to synthesize and 
process POMC in the same way as the hypophyseal melanotrope cells. According to the 
common POMC function hypothesis, the ventral hypothalamic nucleus would be 
involved in some way in the control of melanotrope cell activity, in the regulation of the 
process of background adaptation, or in the control of the corticotropes or its related 
physiological functions. In Xenopus, data to support this assumption are lacking, but in 
Rana ridibunda the ventral hypothalamic nucleus contains a-MSH and is involved in the 
inhibitory control of the melanotrope cells (Andersen et al., 1987,1993; Tonon et ail., 
1992; Artero et ail., 1994; Battaglia et ail., 1995; Lamacz et ail., 1995; Barale et al., 1996). 
Moreover, several reports indicate the presence of POMC and POMC-derived products 
(ACTH, a-MSH and endorphins) in the mammalian homologue of the ventral 
hypothalamic nucleus, the arcuate nucleus e.g. in rat (Bloch et al., 1979; Watson and 
Akil 1980; Finley et al., 1981; Mezey et ail., 1985; Quinlan and Alessi 1991; Cintra and 
Bortolotti 1992; Pelletier 1993; Rubinstein et sd., 1993; Spampinato et al., 1994; Yang et 
al., 1994) and in man (Bugnon et al., 1979; Manning et al., 1993). The mammalian 
arcuate nucleus contains POMC-derived peptides known to act on ACTH-producing 
hypophyseal cells (Cintra and Bortolotti 1992), again supporting the common POMC 
function hypothesis. So, a possible relation between the ventral hypothalamic cells and
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the control of melanotrope or corticotrope cells in Xenopus would deserve special 
attention. As to other amphibians, in Rana ridibunda (Andersen 1987,1993), Rana 
esculenta (Benyamina et al., 1986; Zoeller and Conway 1989) and Rana temporaria 
(Doerr-Schott et al., 1981) a-MSH has been demonstrated also in neurones of the 
ventral hypothalamic nucleus, as is the case for the lizard Anolis carolinensis, where a- 
MSH is present in the arcuate nucleus homologue (Dores et ail, 1984).
Other brain nuclei
In situ hybridisation as well as immunocytochemistry showed the presence of 
POMC in another area besides the ventral hypothalamic nucleus and the locus coeruleus, 
namely in the anterior preoptic nucleus, which in addition revealed a-MSH and non- 
acetylated endorphin immunoreactivity. Analogous to the arguments for the 
suprachiasmatic nucleus, the ventral hypothalamic nucleus and the locus coeruleus, this 
may well mean that the anterior preoptic nucleus has some relationship with 
melanotrope or corticotrope cell functioning and/or related physiological processes. 
Similar arguments can be given for cells that react with two or even one POMC-peptide, 
but in these cases the lack of immunoreactivities to the majority of POMC-peptides calls 
for great care and additional experimentation before more definite conclusions can be 
drawn.
Epiphysis
The observation of endorphins in Xenopus pinealocytes is in line with the 
common POMC-function hypothesis, for two reasons. (1) In the larvae the epiphysis is 
one of the main control centre of skin melanophore activity in Xenopus (Charlton 1966; 
Bagnara 1976). (2) In vertebrates there is a clear reciprocal hormonal and neuronal 
relation between epiphyseal and hypothalamic, in particular suprachiasmatic activity 
with respect to circadian rhythm control (e.g. Oksche and Ueck 1976, Pevet et al., 1996).
Conclusions
In this study the presence of POMC and POMC-derived peptides in the brain of 
Xenopus laevis has been described in detail. Comparison of these data with what is 
known about the functions of the respective neuronal centres and of the established 
POMC-peptide-producing endocrine cells in the pituitary , is in support of the common
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POMC-hypothesis, which states that cells expressing POMC and POMC-derived 
peptides are involved in the same physiological process, such as background adaptation 
or regulation of the corticotrope-mediated stress response in amphibians. In this respect, 
the suprachiasmatic nucleus and the locus coeruleus, assumed to be involved in the 
inhibitory synaptic control of melanotrope cell activity and the process of skin colour 
adaptation to background light intensity, are of particular relevance. According to the 
"common POMC-function hypothesis", possible roles of the ventral hypothalamic 
nucleus and the anterior preoptic nucleus in the control of Xenopus melanotrope or 
corticotrope activity deserve attention, as they contain POMC and all or nearly all the 
POMC-peptides studied.
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Abstract
So far three brain centres are thought to be involved in the regulation of the 
melanotrope cells of the pituitary pars intermedia of Xenopus laevis: the magnocellular 
nucleus, the suprachiasmatic nucleus and the locus coeruleus. This study aims to 
investigate the existence of a fourth, serotonergic centre controlling the melanotrope 
cells. In vitro superfusion studies show that serotonin has a dose-dependent 
stimulatory effect on peptide release (1.6x basal level at 10-6 M serotonin) from single 
melanotrope cells. Retrograde neuronal tract tracing experiments, with the membrane 
probe FAST Dil applied into in the pars intermedia, reveals retrogradely labelled 
neurones in the magnocellular nucleus, the suprachiasmatic nucleus, the locus 
coeruleus and the raphe nucleus. Of these brain centres, after immunocytochemistry 
only the raphe nucleus revealed serotonin-immunoreactive cell bodies. In addition, 
serotonin-immunoreactive cell bodies were found in the nucleus of the paraventricular 
organ, the posteroventral tegmental nucleus and the reticular istmic nucleus. In the 
pituitary, the pars nervosa, pars intermedia and pars distalis all showed serotonin- 
immunoreactive nerve fibres. With immunocytochemical double-labelling for tyrosine 
hydroxylase and serotonin no colocalisation of serotonin and tyrosine hydroxylase was 
observed in cell bodies in the brain, and in the pituitary hardly any colocalisation was 
found in the nerve fibres. However, after in vitro loading of neurointermediate lobes 
with serotonin, tyrosine hydroxylase and serotonin appear to coexist in a fibre network 
in the pars intermedia. On the basis of these data we propose that the melanotrope cells 
in the Xenopus pars intermedia are innervated by a serotonergic network originating in 
the raphe nucleus; this network represents the first identified direct stimulatory input 
to the pars intermedia.
100
Serotonin in the Xenopus pituitary
Introduction
The South-African clawed toad Xenopus laevis is able to adjust the colour of its 
skin to the light intensity of the surrounding background (for reviews see Jenks et al., 
1993, Roubos 1997). Darkening of the skin is achieved by the release of a- 
melanophore-stimulating hormone (a-MSH) from melanotrope cells in the pituitary 
pars intermedia. So far three brain centres are thought to be involved in the regulation 
of the Xenopus pars intermedia. Direct inhibitory input is supplied by the 
suprachiasmatic melanotrope-inhibiting neurones (SMIN), containing dopamine (DA), 
g-aminobutyric acid and neuropeptide Y, situated in the ventrolateral part of the 
suprachiasmatic nucleus (SC) (De Rijk et al., 1990, 1992; Tuinhof et al., 1993a,b, 
1994a,b; Ubink et al., 1998). The locus coeruleus (LC) is assumed to be the origin of a 
direct inhibitory noradrenergic projection onto the melanotrope cells (Verburg van 
Kemenade et al., 1986; Tuinhof et al., 1994a), whereas the magnocellular nucleus 
(Mg) is suggested to release corticotropin-releasing hormone and thyrotropin-releasing 
hormone in the pars nervosa to stimulate the melanotrope cells indirectly, by diffusion 
(Verburg van Kemenade et al., 1986; Tuinhof et al., 1994a).
Another putative regulatory factor of the Xenopus melanotrope cell is serotonin 
( 5-hydroxytryptamine, 5-HT). In some amphibians a serotonergic network has been 
described in the pars intermedia and pars nervosa (Ueda et al., 1984; Lamacz et al., 
1989; Corio et al., 1992) and in Rana ridibunda 5-HT has an indirect inhibitory effect 
on a-MSH secretion (Lamacz et al., 1989). Also in rat a serotonergic network exists in 
the pituitary gland (Westlund and Childs, 1982; Léránth et al., 1983; Palkovits et al., 
1986; Carvajal et al., 1991). However, 5-HT was found to coexist with DA in 
dopaminergic nerve fibres in the pars intermedia (Saland et al., 1988b; Vanhatalo et 
al., 1995). It has been suggested that the immunocytochemically detected 5-HT in 
these DA-containing fibres is aspecifically taken up by the DA transporter, but can be 
released by exocytosis (Vanhatalo and Soinila, 1994, 1995). In addition, the latter 
authors have described a second, less extensive, serotonergic network in the rat pars 
intermedia that seems to originate from cell bodies in the raphe nucleus. In mammals 
there is controversy about the role of 5-HT in the pars intermedia. Some studies 
suggest that 5-HT has a stimulatory effect on a-MSH secretion (Thornton and
Geschwind, 1975; Carr et al., 1991), but in other studies no effect of 5-HT was found
2+or an inhibitory effect was observed, on Ca currents (Ciranna et al., 1993).
Up to now 5-HT was thought to have no effect on the release of a-MSH from
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Xenopus laevis melanotropes (Verburg van Kemenade et al., 1986). This idea was 
based on in vitro superfusion experiments using intact neurointermediate lobes. The 
present study aims to re-examine the effect of 5-HT on Xenopus melanotrope cells. 
For that purpose we have followed a different approach by looking at the effect of 
5-HT on peptide secretion from single melanotrope cells isolated from the pars 
intermedia tissue (Van Strien et al., 1996). Using immunocytochemistry, the presence 
of 5-HT in the pars intermedia was investigated. Retrograde neuronal tract tracing 
from the pars intermedia was used to examine the origin of 5-HT-containing fibres in 
the pars intermedia. Finally, we have paid attention to the possibility of 5-HT uptake 
by the fibre network in the pars intermedia..
Experimental procedures
Animals
Twenty adult specimens of Xenopus laevis, weighing 28-32 g, were reared 
under standard laboratory conditions on a grey background (melanophore index = 3). 
They were kept in tap water of 22°C under constant illumination, and fed beef heart 
and trout pellets (Trouvit; Trouw, Putten, The Netherlands). Before experimentation 
the animals were anaesthetised by immersion in a solution of 0.1% tricaine methane 
sulfonate (MS 222; Sigma, St. Louis, MO, USA). All experiments have been carried 
out under the guidelines of Dutch laws concerning animal welfare.
Analysis of release of radiolabelled peptides from isolated melanotrope cells
Isolation of melanotrope cells was performed as described previously (Scheenen 
et al., 1994). In short, after perfusing the animal with Xenopus Ringer's solution to 
remove blood cells, neurointermediate lobes were dissected out and incubated for 45 min 
in Ringer's solution without CaCl2, to which 0.25% (w/v) trypsin (Gibco, Renfrewshore, 
UK) had been added. Cells were subsequently dispersed in Leibovitz's L15 (Gibco), 
which had been adjusted to Xenopus osmolarity (L15: Milli Q=2:1, designated XL-L15) 
and contained 10% foetal calf serum (FCS). Dispersion was accomplished by gentle 
trituration of the lobes with a siliconised Pasteur’s pipette. After washing, cells of 1.5 
lobe equivalents were suspended in 100 ml lysine-free L15 medium (+10% FCS) 
containing 75 mCi H-lysine (80 Ci/mM; Amersham, Buckinghamshire, UK). The cell 
suspension was placed on a poly-L-lysine-coated coverslip (Sigma; MW >300kD) and to
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which cells were allowed to attach for 24 h. Then 2 ml of lysine-free L15 medium (+10% 
FCS) was added and cells were kept in vitro for 2 days. For superfusion experiments 
each coverslip was rinsed 3 times with Ringer’s solution, placed in a well of a 4 well 
microtitre plate, and superfused at 100 ml /min. Fractions of 2 min were collected and 
200 ml scintillation liquid (Optiphase Supermix, Wallac, Loughborough Leics., UK) was 
added per well to determine the amount of radiolabelled peptides in each fraction. 
Separate secretory studies have previously shown that approximately 30% of the 
radioactivity in the superfusate is unincorporated 3H-lysine and that about 63% consists 
of radiolabelled proopiomelanocortin-derived peptides (Scheenen et al., 1995). 5-HT 
was added to the superfusion medium according to the protocol given in the Results.
5-HT immunocytochemistry
Anaesthetised animals were transcardially perfused with ice-cold 0.6% sodium 
chloride solution for 5 min, and then with a solution of ice-cold 4% paraformaldehyde, 
0.5% glutaraldehyde and 0.2% picric acid in 0.1 M sodium phosphate buffer (pH 7.4; 
PB) for 15 min. After removal from the skull, brains including the pituitary were 
postfixed in ice-cold 4% paraformaldehyde and 0.2% picric acid in PB for 18 h. 
Tissues were cryoprotected by immersion in 30% sucrose in PB, at 4°C for 18 h and 
embedded in a solution of 15% gelatine in 30% sucrose in PB. The gelatine blocks 
were subsequently fixed in a solution with 10% formaldehyde and 30% sucrose in PB, 
at 20°C for 6 h. After rinsing in 30% sucrose in PB, the blocks were cut on a cryostat 
and 50 mm transversal and sagittal sections of brain and pituitary were collected in 
0.01 M sodium phosphate-buffered saline (pH 7.4; PBS). Sections were rinsed 3 times 
in PBS containing 0.3% Triton X-100 (Sigma) and 1% bovine serum albumin (Sigma) 
(PBST) for 1 h at 20°C. To prevent aspecific binding they were treated with PBST 
containing 20% normal goat serum, for 15 min at 20°C, followed by incubation with a 
polyclonal rabbit anti-5-HT antiserum (1:3,200) in PBST for 48 h at 4°C. The high 
specificity of the rabbit anti-5-HT serum has been reported previously (Steinbusch et 
al., 1978; Verhofstad and Jonsson, 1983). As controls some sections were incubated 
with pre-immune serum (1:3,200) and primary or secondary antisera were omitted. 
After rinsing in PBS, sections were incubated with goat anti-rabbit IgG (1:250; 
Nordic, Tilburg, The Netherlands) in PBSTX for 18 h at 4°C, rinsed in PBS and 
incubated with rabbit-PAP (1:1,000; Nordic) for 18 h at 4°C. After rinsing in PBS, 
sections were stained with 0.04% 3,3’diaminobenzidine tetrahydrochloride (Sigma, St. 
Louis, MO, USA) and 0.015% H2O2 in PBS for 15 min. The reaction was terminated
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by several rinses in PBS and sections were mounted on glass slides with 0.1% gelatine 
in PBS, air-dried, dehydrated through a graded series of ethanol, rinsed in xylene, and 
coverslipped using Entellan (Merck, Darmstadt, Germany). Analysis was carried out 
with a Leica DM-RB/E microscope and photographs were taken on Agfa APX or 
Kodak TMY-400 black and white film. The neuroanatomical nomenclature used for the 
description of brain areas was based on previous publications (Northcutt and Kicliter, 
1980; Neary and Northcutt, 1983; Nikundiwe and Nieuwenhuis, 1983; González et al., 
1993, 1994; Lázár et al., 1993).
Neuronal tract tracing
Six animals were fixed by perfusion, with ice-cold 0.1 M phosphate-buffered 
4% paraformaldehyde (pH 7.4). Brains with the pituitary attached were dissected and 
postfixed in the same fixative, for 18 h at 4°C. The tissues were rinsed in PBS and tiny 
crystals of the carbocyanine membrane probe FAST Dil (Molecular Probes, Eugene, 
OR, USA) were bilaterally inserted into the pars intermedia to serve as a retrograde 
tracer, using minutien pins (Fine Science Tools, Heidelberg, Germany). The tissues 
were carefully placed back into the fixation solution and stored for 9 weeks at 20 °C. 
Then they were cryoprotected in 0.1 M PB containing 10% sucrose for 24 h, after 
which 30 mm sections were cut on a cryostat. Sections were directly analysed with a 
Leica DM-RB/E fluorescence microscope and micrographs were taken on Kodak T- 
max 400 black and white film.
5-HT/tyrosine hydroxylase double-immunofluorescence
Six animals were fixed by perfusion as described above and the brain with the 
pituitary gland attached was dissected and postfixed for 16 h, in ice-cold 0.1 M 
phosphate-buffered 4% paraformaldehyde. Tissues were cryoprotected in 10% sucrose 
in PB for 16 h and 30 mm cryosections were collected on poly-L-lysine-coated glass 
slides and dried for 16 h at 20°C. Aspecific binding of the primary antiserum was 
blocked by incubating the sections in PBS containing 0.1% Triton X-100 (Sigma), 1 % 
BSA and 20% NGS. Sections were then incubated with a cocktail of rabbit anti-5-HT 
(1:1,600) and mouse anti-tyrosine hydroxylase (TH; 1:50, Incstar, Almere, The 
Netherlands) for 16 h at 4°C. The specificity of the TH monoclonal antiserum has 
been previously described (González et al., 1994). Sections were rinsed in PBS and 
incubated with a cocktail of fluoresceine isothiocyanate-conjugated donkey anti­
mouse (1:100; Jackson Immunoresearch Laboratories, West Grove, PA, USA) and
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lissamine rhodamine B sulfonyl chloride-conjugated donkey anti-rabbit (1:100; 
Jackson), for 60 min at 20°C. Finally, sections were rinsed in PBS, mounted with 
Citifluor (Agar Scientific Ltd, Stanstedt, Essex, UK) and a coverslip and analysed 
under a confocal laser scanning microscope (Biorad MRC 600, Hemel Hampstead, 
UK) equipped with an argon-krypton laser, using K1 and K2 filter blocks (Biorad) as 
described before (Bejle et al., 1993; Scheenen et al., 1996).
5-HT loading of neurointermediate lobes
Twelve toads adapted to a grey background were decapitated and the 
neurointermediate lobes were quickly dissected and collected in ice-cold XL-L15. 
Lobes were subsequently rinsed in culture medium (XL-L15) and XL-L15-containing 
10% FCS. Six lobes were then incubated in the culture medium and 6 other lobes in 
culture medium containing 10-6 M 5-hydroxytryptamine creatine sulfate complex (H- 
7752; Sigma), for 16 h at 20°C. Finally, lobes were fixed in 0.1 M phosphate-buffered 
4% paraformaldehyde (pH 7.4), for 1 h at 4°C, and processed for 5-HT/TH double­
immunofluorescence.
Fig. 1. The effect of different 
concentrations of serotonin (5- 
HT) on the release of 
radiolabelled peptides from 
single melanotrope cells of 
Xenopus.
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Results
Effect of5-HT on peptide secretion from single melanotropes
5-HT had a dose-dependent stimulatory action on peptide secretion from 
superfused radiolabelled cells (fig. 1). A maximal stimulation of peptide secretion, up 
to160% from basal release, was found with a concentration of 10-6 M 5-HT.
Specificity o f antisera
The pre-immune serum gave fully negative staining results throughout the 
brain. In the pituitary about 20% of pars distalis endocrine cells (not identified as to 
cell type) was stained (data not shown). This staining is regarded as aspecific. No 
staining was found after omission of the primary or secondary antisera.
Fig. 2. Dorsal view of the brain of the South African 
clawed toad Xenopus laevis. The letters on the left hand 
side refer to those of the transverse sections in figure 3.
Distribution of5-HT-immunoreactive cell bodies
The 5-HT-immunoreactive (5-HT-IR) cell bodies and fibres have been plotted 
in representative sections (fig. 2, 3). The 5-HT-IR cell bodies were found in four 
different brain centres. In the diencephalon, liquor-contacting neurones of the nucleus 
of the paraventricular organ (NPv) were intensely stained (fig. 4A,B). More caudal, 
ventrolaterally in the mesencephalon, positively stained uni- as well as bipolar, oval­
shaped neurones were observed in the posteroventral tegmental nucleus and the 
reticular istmic nucleus (fig. 4C). In the rhombencephalon 5-HT-IR neurones occurred 
in the raphe nucleus (fig. 4D). These mainly unipolar and partly bipolar neurones are 
always located medially beneath the ventricle, sending their axons into the ventral 
direction.
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Fig. 3. Diagrams of transverse sections through the brain of Xenopus at levels as indicated in figure 2. 
In these sections the distribution is projected of 5-HT-IR cell bodies (ovals) and fibres (small dots and 
wavy lines). A, anterior thalamic nucleus; ac, anterior commissure; Acc, nucleus accumbens; AP, area 
postrema; Apl, amygdala, pars lateralis; Apm, amygdala, pars medialis; Cb, cerebellum; dp, dorsal 
pallium; epl, extragranular plexiform layer; gl, glomerular layer of the olfactory bulb; Hd, dorsal 
habenula; Hv, ventral habenula; igl, internal granular layer; Ip, interpeduncular nucleus; lot, lateral 
olfactory tract; lp, lateral pallium; Lpv, lateral thalamic nucleus, pars posteroventralis; ls, lateral septum; 
lv, lateral ventricle; ml, mitral cell layer of the olfactory bulb; mot, medial olfactory tract; mp, medial 
pallium; ms, medial septum; NPv, nucleus of the paraventricular organ; nII, nervus opticus; nIX, nervus 
vagus; P, posterior thalamic nucleus; pc, posterior commissure; Pd, nucleus posterodorsalis tegmenti; 
pd, pituitary, pars distalis; pe, postolfactory eminence; pi, pituitary, pars intermedia; pn, pituitary, pars 
nervosa; POa, anterior preoptic nucleus; Pv, nucleus posteroventralis tegementi; Ra, raphe nucleus; Ri, 
nucleus reticularis inferior; Ris, nucleus reticularis istmi; Rm, nucleus reticularis medius; SC, 
suprachiasmatic nucleus; sol, solitary tract; Str, striatum; tect, tectum mesencephali; tegm, tegmentum 
mesencephali; tel, telencephalon; Tor, torus semicircularis; TP, posterior tubercle; Vd, nucleus 
descendens nervi trigemini; VH, ventral hypothalamic nucleus; VM, ventromedial thalamic nucleus; 
Vm; nucleus motorius nervi trigemini; vn, vomeronasal nerve; Vpr, nucleus princeps nervi trigemini.
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Fig. 4. Transversal (A, C-F) and sagittal (B) sections through the brain of Xenopus laevis showing 5- 
HT-IR cell bodies and fibres. A: 5HT-immunoreactivity in the nucleus of the paraventricular organ 
(NPv). 5-HT-IR neurones in B the NPv, C the posteroventral tegmental nucleus(Pv) and the reticular 
istmic nucleus (Ris), and D the raphe nucleus. Dense fibre networks in the E habenular nuclei 
(arrowheads) and the interpeduncular nucleus (F). Scale bars: A = 200 mm, B = 100 mm, C, D, F = 
100 mm, E = 100 mm.
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Fig. 5. Serotonin-immunoreactive fibres in the 
pituitary pars nervosa (A) and pars intermedia (B, 
C) of Xenopus laevis. C is a magnification of the 
area indicated in B. Arrowhead indicates a large, 
oval-shaped, serotonin-positive varicosity. Scale 
bars: A = B = 25 mm; C = 5 mm.
Distribution o f 5-HT-immunoreactive fibres
Telencephalon: except in the olfactory nerve layer, in all layers of the olfactory 
bulb a small network of thin, varicose fibres was found. In the glomerular layer 5-HT- 
IR fibres have remarkably large varicosities but are low in number (fig. 3A). In the 
external plexiform layer of the accessory olfactory bulb a distinct network of 
serotonergic fibres is present. More caudal in the telencephalon distinct fibre networks 
occur in the dorsal part of the lateral pallium, the medial and dorsal pallium, the 
medial septum, the striatum and the nucleus accumbens. Other parts of the 
telencephalon reveal a moderate number of serotonergic fibres (fig. 3B, C).
Diencephalon: in the diencephalon a distinct, moderate fibre network was seen 
in the anterior preoptic nucleus (fig. 3C). The habenular nuclei exhibit a dense fibre 
network (fig. 3D, 4E), and a moderate fibre network lies just ventral to the ventral 
hypothalamic nucleus (fig. 3E).
Pituitary gland: in the pars nervosa (fig. 3F, 5A) and pars intermedia (fig. 3F, 
5B), a sparse, randomly distributed fibre network with thick, oval-shaped varicosities 
(fig. 5C) was observed. In two toads, fibres were observed in the dorsal site of the pars 
distalis, bordering the pars intermedia (fig 3F).
Mesencephalon: In the mesencephalon a dense fibre network was found in the 
interpeduncular nucleus (fig 3G). An extensive serotonergic network stretches from 
just lateral to the nucleus posterodorsalis tegmenti to just ventral from the cerebellum
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Fig. 6. Transversal sections of Xenopus brain 
showing retrograde tracing after insertion of Fast 
DiI in the pituitary pars intermedia. A labelled 
neurones in the magnocellular nucleus (Mg) and 
suprachiasmatic nucleus (SC). B Arrow pointing 
to labelled neurones in the locus coeruleus (LC). 
C Labelled neurone in the raphe nucleus (arrow). 
Scale bars: A = 200 mm, B, C = 100 mm.
(fig. 3G, H). The most caudal fibres run in the ventrolateral walls of the 
rombencephalon, projecting towards the spinal cord.
All other brain structures show moderate numbers of dispersed 5-HT-IR fibres, 
except the cerebellum, which is completely devoid of 5-HT-IR fibres.
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Fig. 7. Xenopus pars intermedia sections, immunofluorescent double labelled 
for tyrosine hydroxylase (TH) and 5-HT. Images are obtained by confocal laser 
scanning microscopy. A, B and C, D TH and 5-HT immunoreactivity in control 
pars intermedia tissue. E, F TH- and 5-HT-immunoreactivities in the pars 
intermedia after exogenous administration of 10-6 M 5-HT. Arrowheads point to 
varicosities colocalising TH and 5-HT. Scale bar: A - F = 10 mm.
Neuronal tract tracing
In tissues in which the fluorescent membrane probe FAST DiI had been 
bilaterally inserted into the pars intermedia of the pituitary, many fluorescent cell 
bodies were observed in the ventrolateral part of the SC and in the Mg (fig. 6A). In 
addition, a few FAST DiI labelled cell bodies appeared in the LC (fig. 6B) and in the 
raphe nucleus (fig. 6C).
5-HT/TH double labelling and exogenous 5-HT loading
Nowhere in control brain tissue coexistence of 5-HT and TH was observed in 
cell bodies. In the pituitary only in about 5%-10% of the sparse 5-HT-IR fibres in the 
pars intermedia, coexistence with TH-IR was observed (fig. 7 A-D). After loading of 
neurointermediate lobes with exogenous 5-HT, the vast majority of the more abundant 
TH-immunoreactive fibres in the pars intermedia were found to be double-labelled
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with 5-HT (fig. 7E,F). The 5-HT-IR staining in these fibres was less intense than in 
the 5-HT-IR fibres in control pars intermedia tissue. Furthermore, single-labelled 5- 
HT nerve fibres were not observed in the 5-HT treated neurointermediate lobes.
Discussion
Effect of5-HT on single melanotrope cells
Until now it was thought that 5-HT is not involved in the regulation of the 
melanotrope cells of the Xenopus pituitary pars intermedia, since 5-HT has no effect on 
the release of a-MSH from superfused intact neurointermediate lobes (Verburg van 
Kemenade et al., 1986). Recently, it was found that acetylcholine, which also has no 
effect on secretion of a-MSH from intact lobes (Verburg van Kemenade et al., 1986), 
has a strong stimulatory action on the secretion of peptides from single melanotropes 
isolated from the pars intermedia (Van Strien et al., 1996). Therefore, we decided to 
examine a possible action of 5-HT on peptide release from single melanotropes. The 
finding that 5-HT dose-dependently stimulates peptide secretion from such cells 
indicates that 5-HT is involved in the stimulation of a-MSH release (and probably of 
other proopiomelanocortin-derived peptides (Scheenen et al., 1995)) by the Xenopus 
melanotrope. The action of 5-HT on the pars intermedia differs among species because 
the indolamine stimulates a-MSH secretion from the pituitary of the lizard, Anolis 
carolensis (Thornton and Geschwind, 1975) but inhibits secretion from the pars 
intermedia of the frog Rana ridibunda (Lamacz et al., 1989). Moreover, in Rana 5-HT 
appears to influence the melanotropes indirectly by a presynaptic mechanism, but in 
Xenopus 5-HT acts upon single melanotropes, indicating a direct, synaptic action. This 
suggests that there is a serotonergic innervation of the Xenopus pars intermedia.
Distribution o f 5-HT-immunoreactivity
The distribution of 5-HT-IR cell bodies and fibres in the Xenopus laevis brain 
shows some differences with the distribution of 5-HT-IR in the brain of other 
amphibians. As to cell bodies, the serotonergic cell groups in the nucleus of the 
paraventricular organ, the posterior tegmental area and the raphe nucleus are common 
in amphibians (Yoshida et al., 1983; Ueda et al., 1984; Corio et al., 1992; 
Clairambault et al., 1994; Dicke et al., 1997). The same 5-HT-positive areas have also 
been described in the developing central nervous system of Xenopus laevis (Van Mier
112
Serotonin in the Xenopus pituitary
et al, 1986). However, in the frog Rana catesbeiana in addition to the above 
mentioned nuclei, 5-HT-IR was observed in cerebrospinal fluid (CSF)-contacting 
neurones in the preoptic recess (Yoshida et al., 1983; Ueda et al., 1984). In Xenopus, 
like in the brain of salamanders (Corio et al., 1992; Clairambault et al., 1994; Dicke et 
al., 1997), 5-HT-IR cell bodies are absent in the preoptic recess.
5-HT-immunoreactive fibres have been extensively studied in various 
amphibians (Ueda et al., 1984; Clairambault et al., 1994; Dicke et al., 1997). The 
distribution of such fibres in the brain of Xenopus laevis shows strong similarities with 
that in other amphibians. The main difference regards the habenular nuclei. So far, 
among all vertebrates the habenula were found to be only poorly supplied with 5-HT- 
IR fibres except for reptiles, where the habenula is very rich in 5-HT fibres 
(Clairambault et al., 1994). In our study we also observed an intense serotonergic fibre 
network in the habenular nuclei.
Serotonergic fibres in the pars intermedia
Only a few studies have demonstrated the existence of serotonergic innervation 
of the amphibian pituitary (Lamacz et al., 1989; Ueda et al., 1984; Corio et al., 1992). 
Ueda et al. (1984) observed 5-HT-IR fibres in both the pars intermedia and pars 
nervosa of Rana catesbeiana, whereas Lamacz et al. (1989) describes serotonergic 
nerve terminals and 5-HT containing neurone-like cells in the pars intermedia of Rana 
ridibunda. Corio et al. (1992) observed 5-HT-IR fibres in the pars intermedia of the 
newt Trituris alpestris. In Xenopus serotonergic fibres appear not only in the pars 
intermedia and pars nervosa but also in the pars distalis. This is not unique among 
vertebrates since also in the rat, besides the pars nervosa and pars intermedia, the pars 
distalis is innervated by serotonergic fibres (Westlund and Childs, 1982).
Origin o f serotonergic innervation in the pars intermedia
Quantitative electron microscopical analysis of the innervation of the Xenopus 
pars intermedia has shown that the vast majority of the nerve terminals are 
colocalising DA, GAB A and NPY (De Rijk et al., 1992). Recently it has been 
established that SMIN located in the ventrolateral part of the SC form the 
DA/GABA/NPY coexisting fibre network in the pars intermedia (Ubink et al., 1998). 
In addition, the pars intermedia is innervated by a noradrenergic fibre network 
probably originating in the LC (González et al., 1993; Tuinhof et al., 1994a). A third 
brain centre that is thought to be involved in controlling the melanotrope cells is the
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Mg, projecting with CRH- and TRH-containing nerve fibres to the pars nervosa, from 
where these factors are thought to diffuse to the pars intermedia. Since none of these 
three brain centres showed 5-HT-IR cell bodies, the serotonergic input of the pars 
intermedia seems to have another origin.
Using the formaldehyde-induced fluorescence (Falck) method Prasada Rao 
(1974) and Terlou et al. (1974) suggested that the monoaminergic neurones of the 
nucleus of the paraventricular organ, and monoaminergic neurones of the preoptic 
recess organ (Prasada Rao, 1982) innervate the pars intermedia of the pituitary gland 
in amphibians (Ueda et al., 1984). In Xenopus, we found serotonergic neurones in the 
nucleus of the paraventricular organ the posteroventral tegmental nucleus, the reticular 
istmic nucleus and the raphe nucleus, but not in the preoptic recess organ. Until now, 
retrograde neuronal tract tracing experiments from the pars intermedia and pars 
nervosa in Xenopus, had revealed labelled neurones in the SC, the LC and the Mg, but 
not in the preoptic recess or nucleus of the paraventricular organ (Tuinhof et al., 
1994a). To find the source of the serotonergic innervation, we inserted the 
carbocyanine membrane probe FAST DiI into the pars intermedia. In addition to 
labelled neurones inside the SC, the Mg and the LC, clearly labelled neurones were 
observed in the rostral part of the raphe nucleus, just caudal to the LC. In this same 
area we found 5-HT-IR neurones. Therefore, we propose that the raphe nucleus forms 
the serotonergic fibre network observed in the pars intermedia and pars nervosa.
In rat, the majority of the serotonergic fibres inside the pars intermedia has been 
shown to store TH, a marker for DA and NA producing cells (Saland et al., 1988b; 
Vanhatalo et al., 1995). Pharmacological experiments have revealed that 5-HT is non- 
specifically taken up by nerve terminals in the pars intermedia originating from 
dopaminergic hypothalamic neurones, via the DA transporter (Vanhatalo et al., 1995). 
The 5-HT in these fibres could still be released upon a depolarising stimulus. 
However, a minor part of the 5-HT fibre network in the pars intermedia and pars 
distalis in rat did not show coexistence with TH. Electrical stimulation and lesion 
experiments revealed that this authentic serotonergic innervation in the rat pars 
intermedia is probably originating from neuronal cell bodies in the raphe nuclei 
(Mezey et al., 1984; Shannon and Moore, 1987).
To investigate if 5-HT uptake by non-serotonergic nerve fibres also occurs in 
the Xenopus pars intermedia, we performed double labelling experiments with 5-HT 
and TH combined with 5-HT loading of the neurointermediate lobe. In control tissue, 
besides the few clearly labelled 5-HT-IR nerve fibres, we only sporadically observed
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double-labelling of 5-HT and TH in varicosities in the pars intermedia. This indicates 
that the pars intermedia of Xenopus like in rat, is innervated by a sparse but authentic 
serotonergic fibre network. However, after 5-HT loading of the neurointermediate 
lobes, we did observe a major colocalisation of 5-HT and TH immunoreactivity in a 
fibre network in the pars intermedia. Since the majority of TH-IR fibres in the pars 
intermedia are originating from the SC and are dopaminergic, 5-HT is likely to be non- 
specifically taken up through DA transporters into the dopaminergic fibres (Vanhatalo 
and Soinila, 1994). However, it can not be excluded that also the noradrenergic fibres 
in the pars intermedia non-specifically take up 5-HT via the NA transporter 
(Vanhatalo and Soinila, 1994).
Apparently single-labelled 5-HT-IR nerve fibres in the pars intermedia 
disappear upon loading with 5-HT. This phenomenon might be explained by the 
assumption that the added 5-HT has a presynaptic stimulatory action on the secretion 
of 5-HT, in this way depleting 5-HT contents of the authentic serotonergic fibres.
Conclusions
Taken together our results permit the conclusion that the melanotrope cells in 
the pars intermedia of Xenopus laevis are synaptically regulated by 5-HT, which 
probably originates from the raphe nucleus. 5-HT is so far the only stimulatory brain 
factor known to act directly on the melanotrope cell.
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Chapter 7
Many neuroendocrine responses involve the processing of environmental 
information by the brain, eventually leading to an endocrine output that enables the 
organism to survive. The South African clawed toad Xenopus laevis is most suitable to 
study the underlying neuronal mechanisms of such a response. The research presented 
in this thesis aims to provide more insight in the central regulation of the melanotrope 
cells in the pituitary pars intermedia (PI). The melanotrope cells are involved in the 
environmental regulation of background adaptation via the release of a-melanophore- 
stimulating hormone (a-MSH). The peptide a-MSH is derived from the prohormone 
proopiomelanocortin (POMC) and it stimulates the dispersion of the pigment melanin 
in the dermal melanophores.
c-Fos immunocytochemistry
Chapter 2 describes the use of the Fos method, a technique that permits the 
identification of active cells. In rats this method has already been proven to be very 
useful to study brain centres that play a role in the control of various physiological 
processes such as osmoregulation, sexual behaviour, respiration, learning and memory 
(e.g. Hoffman et al., 1993). Here, this technique has been successfully applied for the 
first time to amphibian tissue. Fos expression could be induced in neurones of the 
magnocellular nucleus (Mg) and in corticotrope cells of the pituitary pars distalis, after 
an acute osmotic stimulus. Interestingly, Fos expression was also stimulated in the 
melanotrope cells, although less intense. This stimulation might be explained by the 
assumption that the osmotic stimulus causes release of corticotropin-releasing 
hormone (CRH) and thyrotropin-releasing hormone (TRH) inside the pars nervosa 
(PN) leading in turn to activation of the melanotropes.
The melanotrope cells showed major differences in Fos expression after 
changing background light intensity. On a black background, a prolonged expression 
(up to one week) of Fos immunoreactivity was observed, which is remarkable since it 
was thought that Fos is only expressed during the first few hours after stimulation. It 
seems that there are differences between acute and chronic stimuli with regard to Fos 
expression. To identify new brain centres that are involved in background adaptation, 
the Fos technique proved to be insufficient, since no differences in Fos expression 
could be observed in the Xenopus brain after changing background light intensity. 
Probably the identification of cells involved in background adaptation is problematic, 
because they are too low in number to be distinguished from basal Fos expression in 
the various brain centres. However, once the neurones that are involved in background 
adaptation are identified within a brain centre, differences in Fos-expression might be 
distinguishable. For example, basal Fos-expression was observed in the ventrolateral 
part of the suprachiasmatic nucleus (SC) of white-adapted toads. A later study 
(chapter 4) showed that this part of the SC contains the neurones (SMIN: 
suprachiasmatic melanotrope-inhibiting neurones) that innervate the pars intermedia
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with dopamine (DA)/g-aminobutyric acid (GABA)/neuropeptide Y (NPY)-containing 
fibres. These SMIN can be expected to be active on a white background.
The suprachiasmatic nucleus
To study the role of the SC in background adaptation another approach proved 
to be very suitable. By extirpating, labelling and reinserting the presumptive 
suprachiasmatic area, in combination with whole brain immunocytochemistry, 
dopaminergic cells of the SC were shown to be already determined at stage 14 of 
development. These dopaminergic cells undergo differentiation from stage 37/38 
onward and their tracts contact the pars intermedia by stage 40, when the Xenopus 
tadpoles are first capable of background adaptation. The extirpation of the 
presumptive SC at stage 14 not only resulted in the loss of SC dopaminergic neurones, 
but also in a decrease of the number of dopaminergic neurones in the anterior preoptic 
nucleus (POa) and the tuberculum posterior. It seems that many of the dopaminergic 
neurones in the forebrain arise from, or are determined by the neural plate stage 
presumptive SC area. During early development they form a cluster, but at a later stage 
of development they become dispersed over different brain areas. Xenopus tadpoles 
with the presumptive SC area extirpated at stage 14, lack tyrosine hydroxylase (TH)- 
immunoreactive tracts to the PI and appear to be unable to adapt to a white 
background. Assuming that the noradrenergic neurones in the locus coeruleus (LC) are 
unaffected by the extirpation, this finding suggests that the SC is the main inhibitory 
control of the melanotrope cell and that the LC is unable to compensate for the loss of 
the SC input. However, it has recently appeared that the input from the LC on the 
melanotropes might not be inhibitory at all. The inhibition of a-MSH release observed 
in whole neurointermediate lobes is caused by binding of noradrenaline (NA) at the 
DA D2-like receptor at high NA concentrations. (Verburg-van Kemenade et al., 
1986d). At low concentrations (10- M) NA can have a stimulating effect on peptide 
release from single melanotrope cells via a b-adrenergic receptor (Jenks, personal 
communication).
By studying the SC of adult Xenopus laevis with free-floating immunocyto- 
chemistry, neuronal tract tracing and confocal laser scanning microscopy, it has been 
shown that only a subpopulation of SC neurones innervates the PI. Single labelled 
NPY- and TH-immunoreactive cell bodies were predominantly found in the medial 
and dorsal SC (TH) and in the lateral SC (NPY). Neurones triple-labelled for glutamic 
acid decarboxylase (GAD), NPY and TH, or for NPY, TH and the tracer Fast DiI 
(which had been injected into the PI) were observed in the ventrolateral part of the SC. 
In chapter 4 these neurones were identified as SMIN. They are the only known 
inhibitory control centre of melanotrope activity and form about 90% of the fibre
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networks in the PI (De Rijk et al., 1992). The detailed description of the location of 
the SMIN forms a basis for research on the control of SMIN activity, e.g. by studying 
the input by higher brain centres on the SMIN and by electrophysiological recordings 
of the SMIN and melanotrope cells simultaneously.
Recent findings showed differential expression of DOC2 mRNA and Xenopus 
unc mRNA (encoding DOC2 and xunc proteins involved in the secretory machinery) 
in the lateral and ventrolateral part of the SC, in relation to background adaptation 
(Korteweg et al. and Berghs et al., unpublished results). This indicates that lateral SC 
neurones are also involved in the background adaptation process. They may act as 
interneurones and form the NPY-containing varicosities on the SMIN. In addition, 
these and other SC neurones might have a timekeeping function in the regulation of 
circadian rhythms, since electrolytic lesions to the hypothalamus by which 70% of the 
Xenopus SC was damaged, resulted in animals with an abolished circadian rhythm 
(Harada et al., 1998). However, so far no circadian rhythm in background adaptation 
has been shown.
POMC expressing cells
In Chapter 5 we have tested the hypothesis that neurones that express POMC 
and POMC-derived peptides have related functions. Since POMC has a main function 
in background adaptation, the distribution of POMC and POMC-derived peptides in 
the brain and pituitary of Xenopus laevis might reveal novel brain centres involved in 
the regulation of the melanotrope cells in the pituitary gland. In this regard, the 
expression of POMC and/or POMC derived peptides in the POa, SC, ventral 
hypothalamic nucleus (VH), retina, pineal gland and LC are of particular interest. The 
SC and LC, obviously because they directly innervate the PI of Xenopus. The POa and 
VH, because they are thought to innervate the PI of several other amphibians (e.g. 
Tonon et al., 1992; Artero et al., 1994). The retina and the pineal gland, because 1) 
they both play a role in the perception of information about the light intensity of the 
background and 2) they both produce melatonin, which causes aggregation of the 
pigment melanin in the dermal melanophores. Whereas the retina is the only site 
known to be indirectly involved in the control of the melanotrope cell (by innervating 
neurones in the SC; Tuinhof et al., 1994a), the POa, pineal gland and VH, might also 
be involved in this control via an indirect input to the brain centres that directly 
innervate the PI, or via a portal blood system. The absence of POMC and POMC- 
derived peptides in the Mg and raphe nucleus (Ra; see chapter 6), does not necessarily 
plead against the “common POMC-function hypothesis“, since the expression levels 
of these factors might be too low to be detected.
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Serotonin (5-hydroxytryptamine, 5-HT)
In the last study of this thesis, 5-HT is identified as the eighth neuronal factor 
known to affect peptide secretion by the Xenopus melanotrope cell. It is shown that 
serotonin has a strong stimulatory effect on peptide secretion (including a-MSH) from 
single melanotrope cells. The 5-HT observed in nerve fibres in the PI is probably 
originating from the extra-hypothalamic Ra. Retrograde tracing from the PI revealed 
labelled neurones in the Ra. In addition, the Ra was found to contain 5-HT- 
immunoreactive neurones. Interestingly, studies in rat suggest that there is a direct 
retina-raphe-suprachiasmatic pathway. In Xenopus we also observed serotonergic 
fibres in the SC underlining the fact that 5-HT is involved in the hypothalamic 
regulation of pituitary function (Fuller and Clemens, 1981).
a-M SH  and other 
POMC peptides
Fig. 1. Schematic representation of the current view 
on the innervation of the melanotrope cell of the 
pituitary pars intermedia in Xenopus laevis. ACh, 
acetylcholine.
About 90% of the nerve fibres inside the PI contain DA, GABA and NPY and 
are of SC origin. Therefore until recently, it was thought to be unlikely that in addition 
to the input from the SC and the noradrenergic input from the LC, innervations by 
other brain centres would exist. The identification of a third, serotonergic innervation 
of the PI indicates the existence of a third fibre network. This opens the discussion on 
the existence of even more, “sparse” fibre networks in the Xenopus pars intermedia. 
One might think of adenosine, of which the origin is unknown, but which has a
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stimulatory effect on peptide release from single melanotrope cells (Van Strien et al., 
unpublished results) and of nitric oxide (NO), that also seems to be involved in the 
regulation of the melanotrope cells (Allaerts et al., 1997). Also the stimulatory factors 
CRH /sauvagine and TRH deserve a careful re-examination for there occurrence in the 
PI, since TRH (Taniguchi et al., 1990) and sauvagine (Gonzalez and Deleris, 1988) 
have already been demonstrated in the PI of the frog Rana catesbeiana. Furthermore, a 
peptide called adrenomedullin, which function is unknown, has recently been 
identified in a fibre network in the PI of Rana perezi (González et al., 1998). Finally, 
there are regulatory factors that have not yet been identified in Xenopus but are known 
to play a role in the regulation of the melanotrope cells of other vertebrates (e.g. 
PACAP: Yon et al., 1992; Tanaka et al., 1997; neuroactive steroids: Le Foll et al., 
1997a, b).
Taken together, the findings presented in this thesis have led to a novel view 
(see fig. 1) on the multineuronal innervation of the pituitary pars intermedia in 
Xenopus laevis. It is hoped that this will lead to a better understanding of central 
pituitary control in general, being not only of hypothalamic but also of extra- 
hypothalamic origin, and of multitransmitter control of neurones and (neuro)endocrine 
cells in general.
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Samenvatting 
(summary in Dutch)
Samenvatting
Om te overleven moet een organisme zich aanpassen aan zijn buitenwereld. 
Informatie over de omgeving wordt opgevangen door gespecialiseerde cellen 
(receptoren), die deze informatie op hun beurt overdragen aan het centrale 
zenuwstelsel. In het centrale zenuwstelsel wordt deze informatie verwerkt tot een 
reactie die kan bestaan uit een spierbeweging, maar ook uit de afgifte van hormonen 
aan het bloed vanuit de hypofyse. Een geschikt model voor het bestuderen van de rol 
van het centrale zenuwstelsel in de regulatie van de hypofysaire hormoonafgifte is de 
Zuid-Afrikaanse klauwpad Xenopus laevis. Dit dier is in staat om de mate van 
pigmentatie van zijn huid aan te passen aan de lichtintensiteit van de omgeving. Dit 
proces staat onder invloed van het a-melanoforen-stimulerend hormoon (a-MSH) dat 
afkomstig is van het precursor eiwit proopiomelanocortine (POMC) en wordt gemaakt 
in de melanotrope cellen in de pars intermedia van de hypofyse. Op een zwarte 
achtergrond wordt het a-MSH afgegeven door de melanotrope cellen en komt het via 
het bloed terecht bij de huidmelanoforen waarin het de verspreiding van het pigment 
melanine stimuleert. Hierdoor wordt de huid donkerder.
De afgifte van a-MSH wordt gereguleerd door neuronen in het centrale 
zenuwstelsel. Drie verschillende hersencentra zijn waarschijnlijk betrokken bij de 
regulatie van de pars intermedia: 1) De magnocellulaire kern (Mg), die de oorsprong is 
van de neurochemische boodschappers “corticotropin-releasing hormone” (CRH) en 
“thyrotropin-releasing hormone” (TRH), en die worden afgegeven vanuit de pars 
nervosa van de hypofyse. Waarschijnlijk bereiken CRH en TRH de pars intermedia via 
diffusie, waarna ze de melanotrope cellen stimuleren. 2) De suprachiasmatische kern 
(SC) die optische informatie van de retina ontvangt en waarschijnlijk verantwoordelijk 
is voor de inhibitie van de melanotrope cellen via een directe innervatie van de pars 
intermedia door zenuweindigingen die zowel dopamine (DA), g-aminoboterzuur 
(GABA) als neuropeptide Y (NPY) bevatten. 3) Een noradrenerge, inhiberende 
innervatie die waarschijnlijk afkomstig is van de locus coeruleus (LC). Tot nu toe zijn 
er geen hersengebieden bekend die de Mg, SC en LC reguleren. Het onderzoek in dit 
proefschrift beoogt meer inzicht te geven in de centrale regulatie van de pars 
intermedia, door het gedetailleerd bestuderen van de Mg, SC en LC en het opsporen 
van nieuwe hersengebieden die, direct dan wel indirect, betrokken zijn bij de regulatie 
van de melanotrope cel.
c-Fos immunocytochemie
In hoofdstuk 2 wordt beschreven hoe gebruik is gemaakt van de Fos techniek. 
c-Fos is een “immediate early gene” dat betrokken is bij de activatie van 
gentranscriptie. In zoogdieren wordt het daarom gebruikt als marker voor actieve 
cellen. Het bleek dat in het amfibie Xenopus laevis deze techniek ook kan worden 
toegepast. Expressie van Fos (c-Fos en andere aan Fos gerelateerde eiwitten) is 
gevonden in cellen in de Mg en de pars distalis van de hypofyse na het toedienen van 
een acute osmotische stimulus. Fos-expressie in de pars intermedia wordt geïnduceerd 
door het verplaatsen van de klauwpad van een witte naar een zwarte achtergrond. Het
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blijkt dat deze Fos expressie zeven dagen na het verplaatsen nog steeds hoog is. Dit 
heeft waarschijnlijk te maken met het chronische karakter van de stimulus, waardoor 
niet alleen c-Fos tot expressie komt maar ook andere aan c-Fos gerelateerde eiwitten. 
Deze Fos-expressie komt qua dynamiek sterk overeen met de POMC-biosynthese in 
de melanotrope cel. Fos zou derhalve een belangrijke rol kunnen spelen in de controle 
van de transcriptie van het POMC-gen. In hoofdstuk 4 is beschreven dat in het 
ventrolaterale gedeelte van de SC, daar waar in wit geadapteerde klauwpadden ook 
Fos-expressie is gevonden, de neuronen zijn gesitueerd die de pars intermedia 
innerveren (SMIN: suprachiasmatic melanotrope-inhibiting neurones). Van de SMIN 
wordt verondersteld dat ze actief zijn in dieren op een witte achtergrond, hetgeen Fos- 
expressie verklaart.
De suprachiasmatische kern
In hoofdstuk 3 is het gebruik van een techniek uit de ontwikkelingsbiologie 
beschreven. Door weefsel van een Xenopus embryo in stadium 15 te merken of te 
verwijderen is het gelukt het gebied van de neurale plaat te identificeren waaruit de 
DA-producerende SC neuronen onstaan. Deze DA-neuronen differentiëren vanaf 
stadium 37/38 en innerveren de pars intermedia rond stadium 40. Dit is ook het 
stadium waarop de kikkervisjes voor het eerst kunnen adapteren aan de lichtintensiteit 
van de achtergrond. Xenopus kikkervisjes waaruit op stadium 15 het toekomstige SC 
gebied is verwijderd kunnen zich niet meer aanpassen aan een witte achtergrond. 
Hieruit blijkt dat de SC de belangrijkste inhiberende hersenkern van de pars 
intermedia is. Voorts is gevonden dat de LC waarschijnlijk geen inhiberend maar een 
stimulerend effect heeft op de afgifte van a-MSH vanuit de melanotrope cel. Dit 
betekent dat de SC wellicht de enige inhiberende hersenkern is die de pars intermedia 
direct reguleert.
In hoofdstuk 4 wordt de locatie van de SMIN in detail beschreven. Deze 
neuronen zijn verantwoordelijk voor de coexpressie van DA, GABA en NPY in 
zenuwvezels in de pars intermedia. Met behulp van “free floating” 
immunocytochemie, anatomische tracing en confocale scanning laser microscopie zijn 
deze neuronen geïdentificeerd in het ventrolaterale gebied van de SC, door ze aan te 
kleuren met 1) “glutamic acid decarboxylase” (een marker voor GABA), NPY en 
tyrosine hydroxylase (TH, een marker voor DA) en met 2) de tracer Fast DiI, die 
geïnjecteerd werd in de pars intermedia. Neuronen die dubbelkleuren met antisera 
voor NPY en TH zijn misschien ook SMIN, terwijl andere, enkelvoudig kleurende 
neuronen (NPY of TH) mogelijk een rol spelen als interneuron.
POMC expressie
In het onderzoek dat vermeld is in hoofdstuk 5 is gekeken naar de functionele 
relatie tussen POMC en POMC-peptiden als a-MSH en b-endorphine, aan de hand 
van de distributie in de hersenen en de hypofyse. Het feit dat POMC-producerende 
cellen een gemeenschappelijke afkomst hebben suggereert dat ze ook een
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gemeenschappelijke functie vervullen. De distributie van POMC en aan POMC- 
verwante peptiden vertoont veel overeenkomsten met de tot dusver geïdentificeerde 
gebieden die betrokken zijn bij de achtergrond adaptatie. POMC is gevonden in de SC 
en de LC, maar ook in het anterieure preoptische gebied en in de ventrale hypothalame 
kern, gebieden waarvan tot nu toe niet aangenomen werd dat ze betrokken zijn bij de 
regulatie van de pars intermedia. Misschien vervullen deze gebieden een indirect 
regulerende rol, door hersengebieden te controleren die de pars intermedia direct 
innerveren, of door boodschappers af te geven aan de eminentia mediana. De POMC- 
peptiden a-MSH en b-endorphine werden respectievelijk aangetoond in de retina en 
in de epifyse, centra die beide betrokken zijn bij de regulatie van de huidmelanoforen.
Serotonine
Tenslotte is in hoofdstuk 6 de rol van serotonine in de regulatie van de 
melanotrope cel beschreven. Serotonine blijkt de afgifte van a-MSH en POMC- 
peptiden uit losse melanotrope cellen te stimuleren. Serotonine wordt waarschijnlijk 
afgegeven door zenuweindigingen in de pars intermedia die afkomstig zijn van de 
raphe nucleus. Retrograde anatomische tracing vanaf de pars intermedia, resulteerde in 
gekleurde neuronen in het rostrale gedeelte van de raphe nucleus. In dit zelfde gebied 
werden ook serotonine-immunoreactieve neuronen gevonden. Daarnaast werd 
aangetoond dat serotonine kan worden opgenomen door dopaminerge 
zenuweindigingen en waarschijnlijk ook door noradrenerge eindigingen in de pars 
intermedia.
Behalve de drie tot nu toe geïdentificeerde zenuwnetwerken in de pars 
intermedia van Xenopus, te weten het DA/GABA/NPY netwerk, het noradrenerge 
netwerk, en het serotonerge netwerk, bestaan er wellicht nog meer netwerken.
In conclusie hebben de vindingen zoals ze zijn beschreven in dit proefschrift 
geleid tot nieuwe inzichten in de multineuronale regulatie van de pars intermedia in 
Xenopus laevis en dragen ze bij aan een beter inzicht in de centrale regulatie van de 
pars intermedia door hypothalame en extrahypothalame hersenkernen.
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Abbreviations
Abbreviations
a-MSH a-melanophore-stimulating
hormone sac source of the anterior
5-HT 5-hydroxytryptamine (serotonin) commissure
5-HT-IR 5-HT-immunoreactive SC suprachiasmatic nucleus
ABC avidin-biotin-peroxidase smlf source of the medial
complex longitudinal fasiculus
ac anterior commissure smtt source of the mamillotegmental
ACTH adrenocorticotropic hormone tract
CRH corticotropin-releasing hormone sot supraoptic tract
DA dopamine stpoc source of the postoptic tract
dlt dorsal longitudinal tract tac tract of the anterior commissure
dvdt dorsoventral diencephalic tract tec tectum
FITC fluorescein isothyocyanate TH tyrosine hydroxylase
Fos-LI Fos-like immunoreactivity thc tract of the habenular
FRA Fos-related antigen commissure
GABA g-aminobutyric acid TP nucleus of the tuberculum
GAD glutamic acid decarboxylase posterior
IR immunoreactivity tpc tract of the posterior
LRSC lissamine rhodamine B sulfonyl commissure
chloride tpoc tract of the postoptic
Mg magnocellular nucleus commissure
NA noradrenaline TRH thyrotropin-releasing hormone
NPv nucleus of the paraventricular vlt ventral longitudinal tract
organ
NPY neuropeptide Y
OD mean optical density
os optic stalk
ot optic tract
OV optic vesicle
PB sodium phosphate buffer
PBS sodium phosphate-buffered
saline
PC1 prohormone convertase-1
PC2 prohormone convertase-2
PD pars distalis
pi pineal gland
PI pars intermedia
pit pituitary gland
PN pars nervosa
POa anterior preoptic area
poc postoptic commissure
POMC proopiomelanocortin
Ra raphe nucleus
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